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7.1 PUBLICATIONS

The manuscripts published or submitted under the Army Research Office sponsorship
includes:

1. A publication summary
2. A detailed list of publications including journal references.

PUBLICATION SUMMARY

BOOK CHAPTERS TOTAL
1987 0
1988 0
1989 2
1990 2
1991 3
1992 1 8

JOURNAL PUBLICATIONS
1987 10

1988 31
1989 44
1990 55
1991 60
1992 17 217

CONFERENCE PRESENTATIONS
1987 16
1988 22
1989 55
1990 44
1991 64
1992 26 227

TOTAL 452

Accepted for Journal Publication (1992) 13
Accepted for Conference Presentation (1992) 10

Submitted to Journals 24
Submitted to Conferences 5

(Total Pending 29)

GRAND TOTAL 504
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Books - Book Chapters
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2. D. A. Weinberger, "Second harmonic generation in optical fibers," invited book
chapter, published in Nonlinear Optics in Solids, Springer Ser. Wave Phen., 0.
Keller, ed. (Springer-Verlage, Berlin, Heidelberg, 1989).

3. P. Bhattacharya and J. Singh, "Molecular Beam Epitaxy and Its Application to
Microwave and Optical Devices," Handbook on Microwave and Optical Compo.f.nts
(ed. K. Chang), Wiley, Interscience, pp. 1-56, 1990.

4. K. Sahookar and P. Mazumder, " VLSI Cell Placement Techniques" book chapter to
appear in Computer Aided Design, vol. II, (editor, T. N. Hajj), Jai Publishers, in
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5. G. I. Haddad and I. Mehdi, "Device applications of resonant tunneling structures,"
chapter in Optoelectronic Materials and Device concepts, ed. M. Razeghi, SPIE
press, November 1991.

6. R. Merlin, "Coupled Intersubband-Cyclotron Resonances in Quantum-Well
Structures," in Festscrift in honor of Rogerio Cerqueira Leite's 60th Birthday, ed.
by M. Balkanski, J. M. Worlock and C. E. T. Goncalves da Silva (World Scientific,
Singapore, 1991) pp. 169-176.

7. J. Singh,"Strain Induced Band Structure Modifications in Semiconductor
Heterostructures and Consequences for Electronic and Optical Devices," chapter in
Condensed Systems of Low Dimensionality, eds. J. L. Beeby, et. al., Plenum Press,
New York 1991.

8. D. G. Steel, H. Wang and S. T. CundifF, "Four-wave mixing in quantum well
systems," invited chapter in Optics of Semiconductor Nanostructures, Fritz
Henneberger and Stefan Schmitt-Rink, eds. (VCH-GERMANY, 1992).
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152. A. I. Kayssi, K. A. Sakallah, R. B. Brown, R. J. ! omax, T. N. Mudge, and T. R. Huff,
"Impact of MCM's on System Performance," Procetlings of the 1991 Multichip
Module Workshop, Santa Cruz, CA, March 28-29, 1991, pp. 58-65.
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153. R. J. Lomax, R. B. Brown, T. N. Mudge,and K. A. Sakallah "The Design of a GaAs
Microsupercomputer," First Great Lakes VLSI Symposium, Kalamazoo, MI, March
1-2, 1991 (Late paper, not in proceedings.)

154. D. Pavlidis, "Possibilitis des nouvelles fili~res de composants ý hetirostructures pour
ondes milimitriques," Resumes des Conferences 7imes Journees Nationales
Microondes, Grenoble, France, pp. 91-92, March 1991.

155. M. Amman, "Inelastic Tunneling in Current-Drive Mesoscopic Tunnel Junctions,"
presented at the American Physical Society Meeting, March 1991.

156. V. Sankaran and J. Singh, "Quantum Transport of Electrons Across
AlGal-..As/AIlGal-yAs Discontinuities," presented at the Picosecond Electronics
Conference, Salt Lake City, UT, March 1991.

157. R. K. Mains, G. I. Haddad and J. P. Sun, "Self-Consistent Modeling of Resonant
Tunneling Diodes and Transistors," Proceedings of the Seventh International
Conference on the Numerical Analysis of Semiconductor Devices and Integrated
Circuits (NASECODE VII), April 8-12, 1991, Copper Mountain, CO. 0

158. R. Lai, P. K. Bhattacharya and D. Pavlidis, "Monolithically Integrated Ino.53 Gao.47As/
Ino.52AI0.48As/InP Photoreceivers with Submicron Devices," Conference Digest of the
3rd International InP Conference, Cardiff, Wales, p. 115, April 1991.

159. D. Teeter, R. Mains and G. Haddad, "A comparison between heterojunction bipolar
transistor power performances computer using signal Y parameters and a full time
domain simulation," Presented at the NASCODE VII Conference, Copper Mountain,
CO, April 4-12, 1991.

160. M. Tutt, G. I. Ng, D. Pavlidis and J. Mansfield, "Reliability Issues of InAIAs/InGaAs
High-Electron-Mobility Transistors," Conference Digest of the 3rd International InP
Conference, Cardiff, Wales, p. 101, April 1991.

161. Y-J. Chan and D. Pavlidis, "lnAlAs/In.Gal_.,As HIGFET's ( x > 0.53) for E/D FET
Logic Applications," Conference Digest of the 3rd International InP Conference, 0
Cardiff, Wales, p. 70, April 1991.

162. M. E. Sherwin, F. L. Terry, Jr., G. 0. Munns, J. S. Herman, E. G. Woelk , and G. I.
Haddad, "Investigation and Optimization of InGaAs/InP Heterointerfaces Grown by
Chemical Beam Epitaxy Using Spectroscopic Ellipsometry and Photoluminescence,"
presented at the Fifth Biennial Workshop on OMVPE, Panama City Beach, FL, April
1991.

163. D. R. Pehlke and D. Pavlidis, "Critical Issues in Process Technology for High-Speed
Self-aligned GaAs/AIGaAs Heterojunction Bipolar Transistors," Digest of the GaAs
MANTECH Conference, Reno, NV, pp. 93-96, April 1991.
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164. D. Nichols, J. Loehr, J. Pamulapati, J. Singh and P. Bhattacharya, "Experimental and
Theoretical Studies of InGal-,As/InP (0.45 < x < 0.70) Based Pseudomorphic QW
Lasers," Presented at 3rd International Conference on InP and Related Compounds,
Cardiff, Wales, April 1991.

165. J. Shewchun and P. F. Marsh, "Performance Characteristics of Y-Ba-Cu-O Microwave
Superconducting Detectors," SPIE 1991 International Symposium on Optical

* Engineering and Photonics in Aerospace Sensing, Paper 1477-32, Superconducting
Applications for Infrared and Microwave Devices II Conference, Orlando, FL, April 4,
1991.

166. M. E. Sherwin, G. 0. Munns, E. G. Woelk, D. T. Nichols, F. L. Terry, Jr., P. K.
0 Bhattacharya, and G. I. Haddad, "The growth of high quality InP/InGaAs/InGaAsP

interfaces by CBE for SCH Quantum Well Lasers," accepted for presentation in the
IEEE InP and Related Materials Conference, April 1991, Cardiff, UK.

167. D. Pavlidis, J. Hu and K. Tomizawa, "Fundamental Design and Technology Aspects
0 Impacting the Performance of InP-Based HBTs," Digest of the 15th European

Workshop on Compound Semiconductor Devices and Integrated Circuits
(WOCSDICE), Ulm, Germany, Session D(5), May 1991.

168. D. Pavlidis, Y. Kwon and P. Marsh, "lnGaAs/InAlAs HEMT Monolithic Integrated
Circuit for Frequency Doubling to 180 GHz," Digest of the 15 European Workshop on

0 Compound Semiconductor Devices and Integrated Circuits (WOCSDICE), Ulm,
Germany, Session F(10), May 1991.

169. 0. A. Olukotun, T. N. Mudge, and R. B. Brown, "Cache Architectures for a
High-Performance GaAs Microprocessor," Proceedings of the 18th International

* Symposium on Computer Architecture, Toronto, May 27-30, 1991.

170. M. Upton, T. Hoy, T. Huff, R. Brown, R. Oette, and M. Rossman, "Module
Generation for a GaAs Microprocessor," Technical Digest of the Third Physical
Design Workshop, Laurel Highlands, PA, May 20-22, 1991, pp. 88-94.

171. Richard B. Brown, "The Silicon Compiler as a Tool for Teaching Microelectronic
System Design," Technical Digest of the Third Physical Design Workshop, Laurel
Highlands, PA, May 20-22, 1991, pp. 64-75.

172. M. Y. Frankel and D. Pavlidis, "Large Signal Modeling and Study of Power Saturation
Mechanisms in Heterojunction Bipolar Transistors," IEEE MTT-S International
Microwave Symposium Digest, Boston, p. 127-130, June 1991.

173. M. N. Tutt, D. Pavlidis and C. Tsironis, "Automated On-Wafer Noise and Load Pull
Characterization Using Precision Computer Controlled Electromechanical Tuners," to
appear in Proceedings of 37th Conference of the Automatic RF Techniques Group,
Boston, MA, June 1991.
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174. D. Teeter, J. East and G. Haddad "Large signal characterization and numerical
modeling of the AIGaAs/GaAs HBT," presented at the 1991 MTT Symposium, June
1991 and published in the 1991 IEEE MTT-S Digest, pp. 651-654.

175. D. Teeter, J. East and G. Haddad, "Error correction and power calibration of active
load pull measurement systems," presented at the 37th ARFTG Conference, Boston,
MA, June 1991.

176. W-Q. Li and P. Bhattacharya, "Molecular Beam Epitaxial GaAs/AIo. 2Gao.sAs
Heterojunction Bipolar Transistor on (311)A GaAs Substrate with AII-Sillicon
Doping," presented at the Device Research Conference, Boulder, CO, June 1991.

177. R. Rodricks, C. Brizard, R. Clarke and W. Lowe, "An X-ray Detector for
Time-resolved Studies," SPIE 1550 (1991).

178. M. A. Stroscio, G. I. lafrate, K. W. Kim, S. M. Bedair, J. C. Hall, M. Dutta, T. Gant,
R. Merlin, and P. Bhattacharya, "Frequencies of Confined Longitundinal-Optical
Phonon Modes in Short Period Strained Semiconductor Superlattices," (invited)
Workshop on Strained-layer Semiconductor Materials and Devices, Buffalo, NY, 23-24
August 1991.

179. Y. Kwon, M. Tutt, G. I. Ng, D. Pavlidis, T. Brock, J. Oh, J. Castagni and N. T.
Linh, "Gate-Recess and Device Geometry Impact on the Microwave Performance and
Noise Properties of 0.1 pm InAlAs/GaAs HEMTs," Digest of the 13th Biennial 0
IEEE/Cornell Conference on Advanced Concepts in High Speed Semiconductor
Devices and Circuits, Ithaca, NY, p. 33, August 1991.

180. D. Nichols, H. C. Sun, J. Pamulapati, J. Loehr, M. Sherwin, G. Munns, J. Singh and
P. Bhattacharya, "High Speed Modulation of InP-Based Strained Quantum Well
Lasers," Proceedings of the Cornell Conference, August 1991.

181. D. A. Teeter, J. R. East and G. I. Haddad, "High Frequency Large Signal
Characterization of Heterojunction Bipolar Transistors," presented at the
IEEE/Cornell Conference on Advanced Concepts in High Speed Semiconductor
Devices and Circuits, August 5-7, 1991, pp. 315-324 in conference digest.

182. J. Hu, H-F. Chau, D. Pavlidis, K. Tomizawa and P. Marsh, "Control of InP/InGaAs
Heterojunction Bipolar Transistor Performance Through the Use of Undoped
Collectors," Digest of the 13th Biennial IEEE/Cornell Conference on Advanced
Concepts in High Speed Semiconductor Devices and Circuits, Ithaca, NY, p. 27,
August 1991.

183. W-Q. Li, Y. J. Chan and P. K. Bhattacharya, "Improved Performance of Highly
Strained InGaAs/GaAs Heterostructures Devices Grown on Patterned (100)-GaAs
Substrates," presented at the Annual MBE Workshop, Austin, TX, September 1991.
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184. M. Tutt, D. Pavlidis, D. Pehlke, R. Plana and J. Graffeuil, "1/f Noise in
AIGaAs/GaAs HBT's Using Ultrasensitive Characterization Techniques for Identifying
Noise Mechanisms," the Proceedings of the 18th International Symposium on Gallium
Arsenide and Related Compounds, Seattle, WA, September 1991.

185. P. Bhattacharya, "Molecular Beam Epitaxy of Strained Heterostructures and their
Device Applications," presented at the 38th Sagamore Army Materials Research
Conference, September 9- 12, 1991, Plymouth, MA.

186. Y. Keom, V. Sankaran and J. Singh, "Theoretical Studies of Impact Ionization in
Pseudomorphic Structures - Applications to InGaAlAs and GaAs and InP Substrates,"
Proceedings of GaAs and Related Compounds Conference, 1991.

0 187. Y.J. Chan, D. Pavlidis and T. Brock, "lnAIAs/InGaAs HIGFETs Using Novel 0.2 Pm
Self-Aligned T- gate Technology," to appear in the Proceedings of the 18th
International Symposium on Gallium Arsenide and Related Compounds, Seattle,
September 1991.

188. G. 0. Munns, M. E. Sherwin, T. Brock, G. I. Haddad, Y. Kwon, G. I. Ng and D.
Pavlidis, "lnAIAs/InGaAs/InP Submicron HEMT's Grown by CBE," 3rd International
Conference on Chemical Beam Epitaxy and Related Growth Techniques, Oxford, UK,
September 1991. (appeared in J. of Crystal Growth-copy filed under journals).

189. Y. Kwon and D. Pavlidis, "Large Signal Analysis and Experimental Characteristics of
Monolithic InP-Based W-Band HEMT Oscillators," Proceedings of the 21st European
Microwave Conference, Stuttgart, Germany, pp. 161-166, September 1991.

190. Y. Kwon, D. Pavlidis, P. Marsh, M. Tutt, G. I. Ng and T. Brock, "180 GHz
InAlAs/InGaAs HEMT Monolithic Integrated Frequency Doubler," Technical Digest of
the 1991 IEEE GaAs IC Symposium, Monterey, CA, pp. 165-168, October 1991.

191. M. E. Sherwin, G. 0. Munns, D. T. Nichols, F. L. Terry, Jr., P. K. Bhattacharya and
G. I. Haddad, "Chemical Beam Epitaxy for the Growth of InP Based Electronic and
Opto-Electronic Devices," presented at the Second Workshop on Electronic and
Opto-electronic Materials for Tactical and Strategic Applications," Huntsville, AL,
October 1991.

192. S. Mohan and P. Mazumder, "Fault modeling and testing of GaAs static random
access memories," in the proceedings of the International Test Conference, pp. 665-
674, October 1991.

193. Y. Kwon, G. I. Ng, D. Pavlidis, R. Lai, T. Brock, J. Castagn4 and N. T. Linh, "High
Efficiency Monolithic Ka-Band Oscillators Using InAlAs/InGaAs HEMT's," Technical
Digest of the 1991 IEEE GaAs IC Symposium, Monterey, CA, pp. 263-266, October

1991.
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194. K. W. Eisenbeiser, J. R. East, J. Singh and G. Haddad, "Breakdown Voltage
Improvement in Strained InGaAs/GaAs MESFET's," presented at the 1991
International Semiconductor Device Research Symposium, December 4-6, 1991, pp.
685-688 in conference digest.

195. Z. Liliental-Weber, W. Swider, P. K. Bhattacharya, S. Gupta and G. Mourou, "Xtem
investigation of low temperature molecular beam epitaxial InO.s 2AIo.48As/InP,"
presented at the Materials Research Society Annual Meeting, Boston, MA, November
1991.

196. D. Nichols, P. Bhattacharya, J. Pamulapati and G. Munns, "Effect of Biaxial
Compressive and Tensile Strain on the Performance of InP/InGaAs Multi Quantum
Well Lasers Grown by Chemical Beam Epitaxy," presented at the IEEE Lasers and
Electro-Optics Society 1991 Annual Meeting, San Jose, CA, November 1991.

197. W. L. Chen, J. P. Sun, G. I. Haddad, M. Sherwin, G. Munns, J. East and R. Mains,
"CBE Grown InGaAs/InP Hot Electron Transistor (HET) with Pd/Ge Shallow Ohmic
Base Contact," presented at the 1991 International Semiconductor Device Research
Symposium, December 4-6, 1991, in conference digest pp. 297-300. S

198. J. P. Sun, W. L. Chen, R. K. Mains, J. R. East and G. I. Haddad, "C-V
Characteristics of Quantum Well Varactors," presented at and in the proceedings of
the 1991 International Semiconductor Device Research Symposium, Charlottesville,
VA, December 4-6, 1991.

199. Y-J. Chan and D. Pavlidis, "Low-Frequency Noise and Frequency Dispersion
Characteristics of GalnP/GaAs and AIGaAs HEMT's," Proceedings of the 1991
International Semiconductor Device Research Symposium, Charlottesville, VA, pp.
677-680, December 1991

200. D. Pavlidis, "Advances in Heterostructure Field Effect Transistors and Their
Integration for Millimeter-Wave Applications," Proceedings of the 1991 International
Semiconductor Device Research Symposium, Charlottesville, VA, pp. 652-657,
December 1991.

201. S. W. Pang, "A Comparison Between Dry Etching with an Electron Cyclotron
Resonance Source and Reactive Ion Etching for GaAs and InP," Presented at Mat.
Res. Soc. Symp. in Proceedings on "Advanced IIl-V Compound Semiconductor
Growth, Processing, and Devices," Boston, Massachusetts, December (1991)
(invited).

202. J. Singh, T. Takahasi and Y. Arakawa, "Consequences of Structural Disorder on
Optoelectronic Properties of Quantum Wire Structures," presented at the American
Physical Society Meeting, Indianapolis, 12-16, March 1992

203. D. Teeter, M. Karakucuck, J. East and G. I. Haddad, "Analysis of Intermodulation
Distortion in AIGaAs/GaAs HBT's," presented at the International Microwave
Symposium, June 1992 (pp. 263-267 in conference digest).
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204. K. Moore, J. East, G. Haddad and T. Brock, "Optimized 0.1 micron GaAs
MESFET's," presented at the 1992 International Microwave Symposium, June, 1992
(pages 643-646 in conference digest).

205. K. Eisenbeiser, J. East, G. Haddad and T. Brock, "High Breakdown Voltage
Submicron Strained InGaAlAs/GaAs FET's," presented at the 1992 International
Microwave Symposium, June, 1992 (pages 647-650 in conference digest).

206. Y-J. Chan and D. Pavlidis, "High Performance E/D-Mode InAlAs/InGaAs HIGFET
Technology and Integrated Logic Functions," Proceedings of the 4th Annual InP and
Related Materials Conference, Newport, RI, pp. 489-502, April 1992.

207. G. I. Ng, D. Pavlidis, Y. Kwon, T. Brock, J. I. Davies, G. Clarke and P. K. Rees, "0.1
pm MOVPE Grown InAlAs/InGaAs HEMT's with Above 150 GHz Operation
Capability," Proceedings of the 4th Annual InP and Related Materials Conference,
Newport, RI, pp. 18-21, April 1992.

208. Y. Kwon, T. Brock, G. I. Ng, D. Pavlidis, G. 0. Munns, M. E. Sherwin and G. I.
Haddad, "Fma,-Enhancement in CBE-Grown InAlAs/InGaAs HEMT's Using Novel
Self-Aligned Offset-Gate Technology," Proceedings of the 4th Annual InP and Related
Materials Conference, Newport, RI, pp. 360-363, April 1992.

209. D. Pavlidis, "Materials Related Issues and Their Characterization in View of Ill-V
Heterojunction Device Optimization," Programme and Abstracts of the 1st Workshop
on Expert Evaluation and Control of Compound Semiconductor Materials and
Technologies, (EXMATEC'92), Session 1(1), May 1992.

210. M. N. Tutt, D. Pavlidis and H-F. Chau, "1/f Noise Characteristics of InP/InGaAs
Heterojunction Bipolar Transistors," Proceedings of the 4th Annual InP and Related
Materials Conference, Newport, RI, pp. 364-367, April 1992.

211. H-F. Chau, D. Pavlidis, J. Hu and K. Tomizawa, "Analysis of InP/InGaAs Single and
Double Heterostructure Bipolar Transistors for Simultaneous High Speed and High
Breakdown Operations," Proceedings of the 4th Annual InP and Related Materials
Conference, Newport, RI, pp. 410-413, April 1992.

212. D. Pavlidis, H-F. Chau, J. Hu and K. Tomizawa, "Evaluation of Speed-Breakdown
Trade-offs in InP/InGaAs Heterojunction Bipolar Transistors," Digest of the 16th
European Workshop on compound Semiconductor Devices and Integrated Circuits
(WOCSDICE), UIm, German, Session E(8), May 1992.

213. M. Tutt, D. Pavlidis, A. Khatibzadeh and B. Bayraktaroglu, "Investigation of HBT
Oscillator Noise Through 1/f Noise and Noise Upconversion Studies," IEEE MTT-S
International Microwave Symposium Digest, Albuquerque, NM, pp. 727-730, June
1992.
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214. D. R. Pehlke and D. Pavly. "Direct Calculation of the HBT Equivalent Circuit From
Measured S-Parameters," IEEE MTT-S International Microwave Symposium Digest,
Albuquerque, NM, pp. 735-738, June 1992.

215. A. Samelis and D. Pavlidis, "Analysis of Third Order Intermodulation Distortion
Mechanisms in AIGaAs/GaAs Heterojunction Bipolar Transistors," IEEE MTT-S
International Microwave Symposium Digest, Albuquerque, NM, pp. 1587-1590, June
1992. •

216. Y. Kwon, D. Pavlidis, P. Marsh, G. I. Ng and T. Brock, "W-Band Monolithic
Balanced Mixer Using lnP-Based Heterostructure Diodes," Proceedings of the MMIC
Space and Ground Applications Symposium pp. 83-991, April 1992.

217. R. Tober, T. Bahder, W-Q. Li and P. Bhattacharya, "Optically Induced Energy Shifts •
of Excitonic Resonances in Single [1111B and [1001 InGaAs Quantum Wells,"
presented at the Electronics Materials Conference, Cambridge, MA, June 1992.

218. C. Raman, J. P. Sun, Wl. L. Chen, G. 0. Munns, J. East and G. I. Haddad,
"Supperlatice Barrier Varactors," Third International Symposium on Space Terahertz •
Technology, Ann Arbor, MI, March 1992.

219. S. W. Pang and K. K. Ko, "Comparison Between Etching in Cl2 and BCl3 for
Compound Semiconductors Using Multipolar Electron Cyclotron Resonance Source".
Presented at the International Symposium on Electron Ion, and Photo Beams,
Orlando, FL, May 1992.

220. D. Nichols and P. Bhattacharya, "lnP-Based Strained Quantum Well Lasers,"
Presented at the Workshop on Compound Semiconductor Microwave materials and
Devices, San Antonio, TX, February 1992.

221. D. Nichols, L. Davis, Y. Lam, E. Espinosa, J. Singh and P. Bhattacharya,
"Modulation Characteristics of InP-Based MQW Lasers; The Impact of Biaxial
Compressive and Tensile Strain, presented at the 50th Device Research Conference,
Cambridge, MA, June 1992.

222. D. Nichols, L. Davis, Y. Lam, G. Munns, J. Loehr, J. Singh and P. Bhattacharya,
"Carrier Dynamics and Modulation Characteristics of InP-Based Strained Quantum
Well Lasers," presented at the International Quantum Electronics Conference, Vienna,
Austria, June 1992.

223. Ayman I. Kayssi and Karem A. Sakallah, "Delay Macromodels for Point-to-Point
MCM Interconnections," Proceedings of the 1992 MCM Conference, Santa Cruz, CA,
Mar. 18-20,1992, pp. 79-82

224. R. Brown, A. Chandna, T. Hoy, T. Huff, R. Lomax, T. Mudge, D. Nagle, K. Sakallah,
R. Uhlig, and M. Upton, "Synthesis and verification of a GaAs microprocessor from a
Verilog hardware description," Proc. Open Verilog Int. User Group Meeting, Mar.
1992, pp. 85-92.
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225. A. I. Kayssi, K. A. Sakallah, R. B. Brown, R. J. Lomax, T. N. Mudge, and T. R. Huff,
"Impact of MCM's on system performance optimization," Proc. of the 1992 IEEE Int.
Symp. on Circuits and Systems, vol. 2 of 6, San Diego, CA, May 1992, pp. 919-922.

226. 0. A. Olukotun, T. N. Mudge, and R. B. Brown,"Performance optimization of
pipelined primary caches," Proc. of the 19th International Symposium on Computer
Architecture, May 19-21, 1992, pp. 181-190.

227. S. Mohan and P. Mazumder, "A distributed genetic algorithm for standard cell
placement on a network of workstations," to appear in Proceedings of the European
Design Automation Conference, 1992.

ACCEPTED

1. G. 0. Munns, M. E. Sherwin, Y. Kwon, T. Brock, W. L. Chen, D. Pavlidis and G. I.
Haddad, "Parametric Investigation of InGaAs/InAlAs HEMT's Grown by CBE," to be
presented at the 7th International MBE Conference.

2. J. Kim, Y-J. Chan, S. Williamson, J. Nees, S-I. Wakama, J. Whitaker, D. Pavlidis, "A
Novel High-Impedance Photoconductive Sampling Probe for Ultra-High Speed Circuit
Characterization," to be presented at the GaAs IC Symposium, 1992.

3. Y. Kwon, D. Pavlidis, P. Mash, G. I. Ng, T. Brock, G. 0. Munns and G. I. Haddad,
"A Fully Integrated Monolithic D-band Oscillator- Doubler Chain Using InP-Based
HEMTs," to be presented at the 1992 IEEE GaAs IC Symposium.

4. Y. Kwon, D. Pavlidis, P. Marsh, G. I. Ng and T. Brock, "A Planar Heterostructure
Diode W-band Mixer Using Monolithic Balanced Integrated Approach on InP," to be
presented at the 1992 GaAs IC Symposium.

5. Y. Kwon, T. Brock, G. I. Ng, D. Pavlidis, G. 0. Munns, M. E. Sherwin and G. I.
Haddad, "Novel Self-Aligned Offset G-Gate InAlAs/InGaAs HEMT's Grown by
Chemical Beam Epitaxy," accepted for presentation at GaAs IC Symposium.

6. G. 0. Munns, W. L. Chen, M. E. Sherwin and G. I. Haddad, "The Growth of InAIP
Using Trimethl amine alane by Chemical Beam Epitaxy," to be presented at the
Seventh International Conference on Molecular Beam Epitaxy, August 1992.

7. K. K. Ko, L. Davis, W-Q Li, S. W. Pang, J. Singh and P. K. Bhattacharya, "Effects of
10 Processing Induced Fluctuations on the Optical Properties of InGaAs/AIGaAs

Quantum Boxes Created by Dry Etching and Epitaxial Regrowth," accepted for
presentation at the 19th International Symposium on Gallium Arsenide and Related
Compounds, Nagano, Japan, September 1992.

8. J.S. Herman and F.L. Terry, Jr., "Hydrogen Sulfide Plasma Passivation of InP,"
submitted to the 1992 IEEE/TMS Electronic Materials Conference, accepted for
presentation as paper C9.
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9. R. Brown, A. Chandna, T. Huff, R. Lomax, T. Mudge, R. Oettel, and M. Upton,
"Compound Semiconductor Device Requirements for VLSI," to be presented at the
19th Int. Symposium on Gallium Arsenide and Related Compounds, Karuizawa,
Japan, Sep. 28 - Oct. 2, 1992, invited.

10. R. Brown, P. Barker, A. Chandna, T. Huff, R. Lomax, T. Mudge, K. Sakallah,
P.J. Sherhart, R. Uhlig, and M. Upton, "GaAs RISC Processors," GaAs IC
Symposium, Miami, FL, Oct. 4-7, 1992, invited. D

SUBMITTED

1. W. L. Chen, G. 0. Munns, J. C. Cowles, K. W. Eisenbeiser, J. R. East and G. I.
Haddad, "Ohmic Contacts Study for Quantum Effect Transistors and Heterojunction I
Bipolar Transistors with InGaAs Contact Layers, submitted to 1992 EDMS, Tiawan..

2. J.S. Herman and F.L. Terry, Jr., "Plasma Passivation of Gallium Arsenide," submitted
to the American Vacuum Society Conference, Chicago, Ill, under review.

3. L. Davis, Y. Lam, D. Nichols, E. Espinosa and P. Bhattacharya, "A Study of 0
Modulation Characteristics, Auger Coefficients and Filamentation Related Noise
Spectra in InP-based Strains Layer Quantum Well Lasers," submitted for presentation
to the International Laser Conference, Takamatsu, Japan, September 1992.

4. J. Singh and P. Bhattacharya, "Role of Strained Layers in Improving the Structural 0
Reliability of Quantum Well Lasers," submitted for presentation to International Laser
Conference, Takamatsu, Japan, September 1992.

5. L. Davis, Y. Chen, D. Nichols, Y. Lam, J. Singh and P., Bhattacharya, "Auger
Recombination and Impact Ionization Rates in Pseudomorphic InGaAlAs/GaAs and
InGaAs/InP," submitted for presentation to International Laser Conference,
Takamatsu, Japan, September 1992.
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7.2 SCIENTIFIC PERSONNEL SUPPORTED BY THIS PROJECT AND DEGREES
AWARDED DURING THIS REPORTING PERIOD:

Total Number of Ph.D. Graduates 31
Total Number M.S. Graduates 41
Continuing students and Degree expected 24
A listing of the individual students follows:

7.2.1 Ph. D. Degrees Granted to Students in the Center for High Frequency
Microelectronics

Name Degree [Supervisor Company

P. Berger Ph.D. P. Bhatta:harya University of Delaware

Y-J. Chan Ph. D. D. Pavlidis University of Taiwan

H. F. Chau Ph.D. D. Pavlidis Texas Instruments, Dallas, TX

Y. C. Chen Ph.D. P. Bhattacharya University of Michigan

A. Chin Ph.D. P. Bhattacharya General Electric, Syracuse, NY

U. Das Ph.D. P. Bhattacharya University of Florida Gainesville, FL

N. Debbar Ph.D. P. Bhattacharya Institute
de Micro-et Opto-electronique, Lau-
sanne, Switzerland

W. Dos Passos Ph.D. R. Clarke University of Michigan
D. Pavlidis

J. Dykstra Ph.D. R. Brown Motorola Corp., R & D, Schaumburg,
IL

S. Gupta Ph.D. P. Bhattacharya University of Michigan

J. Hinckely Ph.D. J. Singh Self employed in Kalamzoo and
part-time at University of Michigan

W.-P. Hong Ph.D. P. Bhattacharya Bellcore, Red Bank, NJ
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Name Degree ISupervisor Company

J. Hu Ph.D. D. Pavlidis Bell Northern, Ottawa, Canada

M. Jaffe Ph.D. J. Singh IBM, Burlington, VT

R. Lai Ph.D. P. Bhattacharya TRW, Redondo Beach, CA

W. Li Ph.D. P. Bhattacharya University of Michigan

J. Loehr Ph.D. J. Singh Air Force-Avionics Laboratory
Wright-Patterson, OH •

I. Mehdi Ph.D. G. Haddad Jet Propulsion Laboratory

K. Mullen Ph.D. E. Ben-Jacob University of Minnesota

G. Ng Ph.D. D. Pavlidis University of Michigan

J. Pamulapati Ph.D. P. Bhattacharya U.S. Army-ETDL, Fort Monmouth,
NJ

S. D. Peacor Ph.D. C. Uher University of Groningen, Holland 0

P. Sandborn Ph.D. G. Haddad MCC, Austin, TX

K. S. Seo Ph.D. P. Bhattacharya Seoul National University, Korea

M. Sherwin Ph.D. F. Terry Sandia Laboratories, Albuquerque, NM

R. Voelker Ph.D. R. Lomax University of Nebraska

H. Wang Ph.D. D. Steel University of Michigan 4

M. Webb Ph.D. D. Steel Center for Naval Analysis, Alexan-
dria, VA

R. Wilkins Ph.D. E. Ben-Jacob Texas A&M University

J-S. Yih Ph.D. P. Mazumder IBM, T. J. Watson Research Center

Y. Zebda Ph.D. P. Bhattacharya Jordan University of Science &
Technology, Jordan
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7.2.2 M.S. Degrees Granted to Students in the Center for High Frequency Microelectronics

M. Amman D. Knightly
C. Beckner Y. Kwon
R. Borroff S. La
S. Brown R-L. Lee
Y-J. Chan D. Lemersal
H. F. Chau R. Lipa
C. C. Chen S. Mohan
R. Chen K. Moore
W. L. Chen D. Nichols
Y-C. Chen R. Pappas
T. Cook D. Pehlke
J. Cowles C. Raman
B. Denheyer V. Sankaran
A. Demos M. Sherwin
K. Eisenbeiser J. Steimel
A. Engel J-P. Sun
K. Hashim D. Teeter
I. Herman M. Webb
G. Hugo S. Willing
K. Kidner K. Yang
J-H. Kim

7.2.3 Current Students and Expected Degree Date

Faculty Supervisor Graduate Students Expected Ph.D. Degrees

I. Singh V. Sankaran December 1992

G. Haddad K. Yang August 1993
J. East W. L. Chen August 1993
R. Mains K. Moore August 1993

J-P Sun August 1993
C. C. Chen August 1993
D. Teeter August 1992
I. Cowles December 1993
K. Eisenbeiser December 1993
M. Karaucuk August 1994
S. Peng August 1993
A. Afsali-Kushaa August 1994
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Faculty Supervisor Graduate Students Expected PH.D. Degrees

D. Pavlidis D. Pehlke December 1993

P. Bhattacharya D. Nichols December 1992
A. Gutierrez-Aitken August 1994

F. Terry J. Herman December 1992

M. Elta A. Demos December 1992

R. B. Brown T. R. Huff August 1994

P. Mazumder S. Mohan August 1993

S. Pang K. Ko August 1994
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7.3 INTERACTIONS WITH ARMY LABORATORIES

Date Individual/Group Purpose/Interaction

1/19/87 Dr. M. Stroscio Dr. Stroscio visited with Prof. Haddad
Visit to University of and all the team leaders on the program
Michigan and each team leader discussed his plans and

progress in the various research areas. Dr.
Stroscio gave a seminar to faculty and students
on "Quantum Transport in Ultra-Submicron
Electronic Devices".

4/13/87 Prof. G. I. Haddad, Prof. Haddad visited Dr. Stroscio at ARO and
Director. met several other scientists at ARO
Visit to ARO

5/8/87 Profs. G. I. Haddad and Presentations were made by key individuals at
P. Bhattacharya visited HDL related to their programs and interests.
Harry Diamond Labs Profs. Haddad and Bhattacharya gave

presentations concerning the research programs
at the Center and visited HDL laboratory
facilities and discussed research interests with
several groups. It was a very fruitful meeting.

5/13/87 Prof. Haddad along Prof. Haddad gave Dr. Sculley a briefing
with Drs. Suttle, lafrate relative to the Center, its activities, plans and
and Stroscio visited Dr. importance.
Sculley, Assistant Sec-
retary of the Army

6/16- ET&DL Personnel Visit Dr. lafrate gave an overview of the research
6/17/87 to the University of programs and interests of ET&DL and presented

Michigan - Drs. G. a seminar entitled "Block Electron Transport
lafrate, E. Poindexter, in Electrical Fields" to faculty and graduate
K. Jones, M. Dutta, students. Professor Haddad gave an overview
D. Smith, R. Lux, E. of the research program at the Center. A
Potenziani, W. Wilber, tour of the facilities was made and during the
Mr. L. Poli and R. Ross second day there were individual and group

meetings between ET&DL and Center personnel
on various topics. The meeting was very
fruitful and it is anticipated that several of the
Center faculty will visit ET&DL and significant
interaction at the individual level will follow.
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Date Individual/Group Purpose/Interaction

7/1/87 HDL Personnel visited During the morning a tour of the laboratory
the University of Michi- facilities was conducted and during the
gan - Drs. T. Bhader, afternoon there were several individual and
J. Bruno, R. Garver, R. group discussions on various research topics.
Neifeld, G. Simonis, M. The visit was mutually beneficial and further
Tobin D. Wortman, Mr. interactions will follow.
H. Dropkin, Mr. C.
Gavin, and Lt. Hay

8/13/87 Dr. R. K. Mains Dr. Mains visited HDL, gave a seminar on
visit to HDL Modeling of Resonant Tunneling Structures and

held discussions with several scientists at HDL
who are interested in these devices.

8/20/87 Dr. J. East Dr. J. East visited R. Ross of ET&DL to
Visit to ET&DL discuss fabrication procedures for Gunn devices

and transfer technology for two-terminal device
fabrication to E&DL.

9/3- Drs. M. Stroscio and G. Prof. Haddad attended a workshop at Stanford
9/4/87 lafrate organized by Dr. Stroscio which included

scientists from the U.S. and Japan on Resonant
Tunneling Structures. Excellent discussions
were held relative to the capabilities and
potential applications of such devices.

10/22- Dr. J. Sculley, Assistant Several individuals from the army attended a
10/23/87 Secretary of the Army comprehensive research review carried out by

for Research Develop- scientist associated with the Center and many
ment and Acquisition, useful discussions were held among Army and
Lt. J. Benson, Office of Center Scientists. Dr. J. Sculley, Assistant
the Assistant Secretary Secretary for Army for Research Development
of the Army, Dr. G. and Acquisition gave a keynote address at the
lafrate, ET&DL, Fort Research Review on the URI Program; its goals
Monmouth, R. Lane, and importance to the Army
U.S. Army Missile Com-
mand, Redstone Arse-
nal, L. Madoo, HDL, M.
Stroscio, ARO, M. To-
bin, HDL, L. Heath and
T. AuCoin, ET&DL, R.
Graft, Fort Belvoir
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Date Individual/Group Purpose/Interaction

12/13- Drs. E. Poindexter and Visited the Center and held discussions with
12/14/87 J. Kohn, ET&DL, Ft. several faculty members related to their interests

Monmouth in interface and surface structures.

1/27- Profs. Haddad Bhat- Attended workshop on HEM1 Devices at ETDL;
29/88 tacharya and Pavlidis Profs.Bhattacharya and Pavlidis presented pa-

pers; Prof. Haddad spent an additional day
visiting ETDL facilities and discussing research
projects.

3/7/88 Dr. M. E. Elta Gave a one-day tutorial course on clean room
practices at ETDL. Approximately 50 people
attended the course.

4/8/88 Prof. Bhattacharya Visited HDL Laboratories and held technical
discussions with Dr. M. Tobin and her group

5/11- Lt. Hays, HDL Attended a two-day course at the University of
5/12/88 Michigan on clean room usage and practices

offered by Dr. Elta.

5/27/88 Dr. Tober, HDL Visited the University of Michigan and held
technical discussions with Prof. Bhattacharya
and Dr. Oh.

6/6- Center faculty and Drs. Offered a course at the University of Michigan
6/10/88 lafrate and Stroscio on High-Speed Heterojunction Electronic and

Optoelectronic Devices; three people from
ETDL attended the course.

6/29/88 Prof. Haddad, Dr. East Had a meeting at U. of M. to develop joint
(U. of M.) R. Ross and project in mm-wave transferred electron devices
J. Ondria from ETDL

7/6/88 Profs. G. Haddad, P. URI review. Presentations on various aspects
Bhattacharya, J. Singh, of research were presented by faculty. In
D. Pavlidis, R. Lomax, attendance were from ARO: J. Mink, B. Sander,
R. Clarke, D. Steel and M. Littlejohn, D. Hislot and Mike Stroscio;
M. Elta from ETDL: G. lafrate; from HDL: M. Tobin;

from Center for Night Vision: J. Pollard: from
ONR: Y. Yoder, L. Cooper and from Office of
Deputy Undersecretary of Defense for Research
and Advanced Technology: M. Herbst
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Date Individual/Group Purpose/Interaction

10/17/88 Prof. Haddad Made a presentation to AGED group meeting on
Heterojunction Technology

11/30/88 Prof. Haddad Met with Dr. Stroscio, R. Lane and
several individuals from MICOM to discuss and
coordinate work on millimeter-wave devices and
integrated circuits.

1/19/89 Dr. Stroscio Presented a seminar on "Path Integral Approach
to Quantum Transport in Electrical Structures".

5/16- Profs. Haddad, P. URI Review, Presentations on various aspects
5/17/89 Bhattacharya, J. Singh, of research were presented by faculty. Those

D. Pavlidis, R. Lomax, in attendance were from ARO: M. Stroscio, M.
R. Clarke, M. Elta, D. Littlejohn; from ETDL: J. Shappirio and D.
Steel, R. Merlin, E. Smith; from HDL: M. Tobin: from MICOM R.
Ben-Jacob, P. Lane; from NASA: S. Alterovitz, K. Bhasin, E.
Mazumder, J. East, T. Haugland; from Strategic Defense Command:
Drummond, R. Mains, W. Martin
U. Reddy, F. Terry, P.
Katehi, C. Uher, P.
McCleer, H. Winful, G.
Feak, D. Weinberger
and T. Norris

6/15/89 M. E. Elta and T. J. Visited Harry Diamond Laboratories to advise
Drummond HDL on MOMBE system.

8/16- P. Bhattacharya and J. Held discussions with R. Tober from Harry
8/22/89 Singh Diamond laboratories relative to evaluation of

MBE grown layered structures and to plan future
research.

10/23/89 G. I. Haddad Held research discussions with M. Stroscio
relative to joint work on phonon interactions in
quantum wells.
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Date Individual/Group Purpose/Interaction

5/30/90 - Profs. Haddad, P. URI Review. Presentations on various aspects
5/31/90 Bhattacharya, J. Singh, of research were presented by faculty. In

D. Pavlidis, R. Lomax, attendance were from ARO: M. Stroscio and
R. Clarke, M. Elta, D. J. Prater, NASA: S. Alterovitz, U. S. Army
Steel, R. Merlin, P. Night Vision Laboratory: R. Graft and J.
Mazumder, J. East, R. Pollard, U. S. Army Missile Command: R.
Mains, U. Reddy, F. Lane, U. S. Army strategic Defense Command:
Terry, P. Katehi, C. W. Martin, U. S. Army, Fort Monmouth: D.
Uher, P. McCleer, H. Smith, AFOSR-WRDC/ELR: R. E. Walline and
Winful, G. Feak, S. AFOSR, Directorate Electronics and Materials
Pang, and E. Woelk Science: G. L. Witt

6/21/90 P. Bhattacharya Dr. Richard Tober of HDL visited the Center
for one day to discuss work on material
characterization.

8/8/90 Profs. G. Haddad and Visited MICOM. Drs. R. Lane and M. Stroscio,
D. Pavlidis ARO were present. An overview of the

research program at Michigan was presented.
A detailed discussion was held on research on
monolithic millimeter-wave integrated circuits.
Discussions were held with Dr. J. L. Johnson
on submillimeter-wave imaging.

9/20/90 Profs. G. Haddad, Visited the Night Vision Laboratory. An
P. Bhattacharya overview of work being done in the U RI program
and J. Singh was presented and mechanisms for further

interactions were discussed with Dr. J. Pollard.
Also discussed was the possibility of training
individual(s) from Dr. Pollard's group on the
MBE machine. This will be pursued further.

11/8/90 Prof. G. Haddad Presented a seminar entitled "Resonant Tunnel-
ing Devices" at the Harry Diamond Laboratory.
Research discussions were held with Mary Tobin.

11/30/90 Prof. G. Haddad Held research discussions with Drs. M. Stroscio
and G. lafrate at the Army Research Office

1/24/91 Profs. G. Haddad R. Lane, R. Johnson and R. Halliday from
and D. Pavlidis MICOM visited the University of Michigan

to discuss research on monolithic millimeter-
wave integrated circuits and millimeter and
submillimeter-wave devices for imaging.
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Date Individual/Group Purpose/Interaction

1/8/91 Prof. J. Singh Presented a seminar entitled "Pseudomorphic
Structures for Electronic and Optoelectronic
Devices," at the Harry Diamond Laboratories

2/12/91 Prof. P. Bhattacharya Presented a seminar entitled "Growth of
Strained Heterostructures by MBE and their
Application to Optoelectronic Devices and
Circuits," at the Harry Diamond Laboratories

3/14/91 Prof. P. Bhattacharya Presented a seminar entitled "Molecular Beam
Epitaxy of Strained Heterostructures and their
Application to Optoelectronic Devices and Cir-
cuits" at the U.S. Army - Electronic Technology
and Device Laboratory, Ft. Monmouth, NJ

5/8/91 G. lafrate and Visited the University and held technical 0
M. Stroscio discussions on the research program

5/8/91 G. lafrate Presented a seminar entitled "The Physics
of Nanoscale and Mesoscopic Dimensions;
Nanoelectronics, Beyond and Revisited"

10/31 G. I. Haddad, P. K. Prof. Haddad and Bill Pittman organized a
-11/1/91 Bhattacharya and D. seminar on millimeter integrated circuits held

Pavlidis a Redstone Arsenal. Prof. Bhattacharya and
Pavlidis made presentations at this seminar.
This seminar was attended by 40 and sets of 0
notes were provided to these participants.

11/18/91 V. Sankaran Presentation made in North Carolina on
"Theory of Tunneling and Transport of Mixed
Symmetry Electron States in Heterostructures."
This presentation was made after Professor
J. Singh held discussions with Drs. M.
Stroscio and G. lafrate on how scattering from
heterostructures phonons should be included in
tunneling processes.

12/81/91 Dr. W-Q. Li Presented a seminar entitled "Molecular Beam
Epitaxial Growth of Silicon Doped
AIGaAs/GaAs Heterostructures on (311)A GaAs
Surface and their Device Applications," at the
Harry Diamond Laboratories.
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Joint Publications with Army Scientists

1. Y. Zebda, P. K. Bhattacharya and M. Tobin, "Design and Performance of Very High " •ed
InGaAs/InAlAs PIN Photodiodes Grown by Molecular Beam Epitaxy," IEEE Elkctron
Device Letters, EDL-8, pp. 579-581, 1987.

2. R. L. Tober, J. Pamulapati, P. Bhattacharya and J. Oh, "Piezoreflectance Characterization
of Resonant Tunneling and Modulation-Doped Heterostructures," presented at Electronic
Materials Conference, June 1988, Boulder, CO.

3. R. L. Tober, J. Pamulapati, J. L. Oh and P. K. Bhattacharya, "Piezoreflectance
Characterization of Double-Barrier Resonant Tunneling Structures," Applied Physics
Letters, 53, 883 (1988).

4. R. L. Tober, J. Pamulapati, P. K. Bhattacharya and J. E. Oh, "Piezoreflectance
Characterization of Resonant Tunneling and Modulation-Doped Heterostructures,"
submitted to Journal of Electronic Materials.

5. W-Q. Li, P. K. Bhattacharya and R. L. Tober, "Improved Performance of Strained
InGaAs/GaAs Photodiodes Grown on Patterned GaAs Substrates by Molecular Beam
Epitaxy," Applied Physics Letters, 58, pp. 1931-1933 (1991). submitted for publication in
the Journal of Applied Physics.

6. J. Pamulapati, P. K. Bhattacharya, R. L. Tober, J. P. Loehr and J. Singh, "Characterization
of High-Quality Pseudomorphic InGaAs/GaAs Quantum Wells by Luminescence and
Reflectance Techniques," Journal of Applied Physics, 71, 4487 (1992).

7. R. L. Tober, W. Q. Li and P. K. Bhattacharya, "Confinement Effects on Electroreflectance
Spectra," accepted for presentation in SPIE's 1992 Symposium on Compound
Semiconductor Physics and Devices, Somerset, NJ, March 1992.

8. R. L. Tober, W. Q. Li and P. K. Bhattacharya, "Differential Photocurrent Spectroscopy
Using Novel Characterization Techniques," accepted for publication in Journal of Applied
Physics, 71, 3506, (1992).

9. R. Tober, T. Bahder, W-Q. Li and P. Bhattacharya, "Optically Induced Energy Shifts of
Excitonic Resonances in Single [111]B and [100] InGaAs Quantum Wells, presented at the
Electronics Materials Conference, Cambridge, MA, June 1992.

Other Interactions

"* HDL has fabricated several masks for U. of M. programs.

"* University of Michigan has supplied III-V semiconductor layers to HDL scientists.

"* University of Michigan has supplied MBE grown metallic films on III-V Compounds to
ETDL for Schottky-Barrier characterization.

" We worked with R. Ross of ETDL on the design and evaluation of Gunn devices.
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"* Discussions with Drs. M. Tobin and G. Simonis at HDL on picosecond measurements on
high-speed detectors and integrated devices. Devices were provided to Dr. Simonis for
optical Heterodyning measurements.

"* Ring resonator samples/fabricated by DuPont Superconductive Systems (using our design)
were supplied to Bill Wilbur at ETDL for evaluation at temperatures below 77K.

"* Collaboration with Dr. Ken Jones of ETDL on the study of growth of epitaxial ohmic

contacts on GaAs.

"* Consulted with Dr. Tobin and her group at HDL on MOMBE systems.

"* Consulted with Mr. R. Lane of MICOM on device technology for radar systems.

"* One of the students working on this project (Doug Teeter) spent the summer working at the 0
U.S. Army Electronics Command at Fort Monmouth on large signal device modeling and
characterization. The contact person is Dr. Barry Perlman.

"* Discussions with M. Stroscio about modular upgrades to defense systems. These discussions
were prompted by inquiry from the Tactical Operations Office at the Pentagon.

"* Discussions were held with R. Lane, Army Missile Command relevant to the GaAs processor.

"* Supplied MBE layers to Dr. R. Tober of HDL and continued interactions relative to
piezoelectric measurements on layered structures.
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7.4 INTERACTIONS WITH OTHER D.O.D. FEDERAL AND INDUSTRIAL AGENCIES AND
LABORATORIES

This program has had a major impact in establishing Michigan as one of the leading centers in
Ill-V semiconductor technology and high-frequency/speed microelectronics and optoelectronics.
This has lead to the establishment of very close interactions with and initiation of several major
programs and centers from various federal and industrial organizations. These include:

a The NASA Center for Space Terahertz Technology. Through this Center we have
established very close interactions with JPL and Goddard.

* The NSF-Science and Technology Center for Ultrafast Optics.

e The SRC Center for Automated Semiconductor Manufacturing.

a DARPA: Several major programs in GaAs microprocess design and fabrication (joint with
several companies and monitored by Army Research Office), automated Ill-V semiconductor
manufacturing (joint with Hughes Research Laboratories)and novel superlattice-based HBT
devices for optically controlled phased-array radar applications (monitored by the Air
Force-Rome Center).

e ONR: Programs in basic material growth studies, high-speed optoelectronic devices and
wide bandgap semiconductors.

@ AFOSR: Programs in Si/Ge materials technology and Ill-V optoelectronic devices for optical
computing.

e Industry: Several programs and very close interactions with Hughes, Texas Instruments,
Northern Telecom, IBM, National Semiconductor, Hewlett-Packard, MACOM, Rockwell,
Alcatel, Raytheon, Allied-Signal and others.

9 NSF: Several programs in material growth and characterization and optoelectronic devices
and a recent program for curriculum-research developed in automated semiconductor
manufacturing.
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7.5 SUMMARY OF MAJOR TECHNICAL ACCOMPLISHMENTS

9 ELECTRONIC, OPTICAL AND TRANSPORT PROPERTIES IN HETEROSTRUC- 0
TURE BASED DEVICES

- A self-consistent formalism for design of n- and p-type pseudomorphic MODFETs:
We developed a first formalism to understand p-type properties of pseudomorphic
MODFETs by self- consistently solving the 4 band k.p equation and the poisson S
equation. The approach allowed us to design and predict carrier properties in
p-type devices.

- Theoretical and experimental studies on the effect of strain on electron and hole
masses: Carrier masses were calculated using 8 band models. It was shown that
for electrons the strain does not affect the carrier masses seriously. However, hole
masses are dramatically affected. The results were verified experimentally using
the Shubnikov de Haas approach.

- Monte Carlo Studies of Hole Transport in p-Type Materials: The first studies of
the effect of strain produced in pseudomorphic growth on hole transport were
carried out. The studies were carried out for In.Gal-,,As and Si.Gel-, systems.

- Performance limits of the Si/SiGe HBT: Material and device studies were carried
out to study the performance of the Si/SiGe HBT. Predictions of 100 GHz ,
were made based on the improved carrier confinement and carrier transport.

- Non Variational Techniques for Shallow Level Problems in Heterostructures: A 0
general approach was developed to study excitonic and acceptor level problems in
heterostructures. The approach allows us to study the excitonic phenomenon in
presence of strain, excess carriers etc. and allows us to design superior excitonic
devices.

- Effect of Strain on Acceptor Levels: We carried out experimental and theoretical
studies relating the effect of strain on acceptor levels. The measurement of
acceptor levels was shown to provide a direct link to the effect of strain on hole
masses.

- Consequence of Strain on Quantum Well Laser Performance: A detailed formalism
was developed to study the effect of strain on quantum well laser. ,rformance. The
effect of strain on threshold, modal purity, polarization dependence and dynamical
response was studied. Also the first calculations of the effect of strain on the
Auger processes including the split off band effects were studied.

- Coherent Tunneling Phenomenon in Heterostructures: The problem of tunneling
of electrons in heterostructures has been addressed. In particular the tunneling in
mixed symmetry states has been studied. The formalism is based on an 8-band
tight binding model and is being used to study interband tunneling as well as r -
X tunneling in GaAs/AIGaAs structures.

- Physics of Quantum Dots and Quantum Wires: The physics of optical and
electronic properties of sub 2-dimensional structures is being studied. In particular,
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a formalism has been developed to understand the effect of structural disorder on
the optoelectronic properties. The formalism allows us to predict the effect of
disorder on optical and transport properties.

Incorporation of phonon scattering into tunnel models using a time dependent
formalism.

Calculation of impact ionization thresholds in strained quantum wells.

* QUANTUM TRANSPORT MODELING OF RESONANT- TUNNELING STRUCTURES

- The time-dependent Schr6dinger equation has been solved for the first time using
open-system boundary conditions for the resonant-tunneling device. Transient
switching characteristics as well as small-signal results have been obtained.

- The time-independent Schrbdinger equation has been solved for an ensemble of
states to calculate static I-V characteristics of resonant tunneling diodes and
transistors.

- Variable effective mass has been incorporated in both the time-dependent and
time-independent Schrodinger equations.

- The Wigner function method has been implemented using several different
numerical schemes for DC and transient analysis of resonant tunneling devices.
The effects of inelastic scattering and the self-consistent potential have been
included in these programs.

- An accurate numerical re-formulation of the Wigner function method has been
developed .

- Hybrid simulations using a Thomas-Fermi, near-equilibrium approximation in
the contact regions self-consistently coupled with Schrbdinger's equation in the
quantum well or supperlattice region have been developed. These simulations are
good practical tools for quantum device analysis and design. They have been used
to study resonant tunneling structures and quantum well varactors.

- Quantum varactor structures with high capacitance ratios have been designed

using our computer simulations and subsequently fabricated. Very good agreement
between simulation results and experiment has been obtained.

- A new quantum device, the Bound-State Resonant Tunneling Transistor, has been
proposed, analyzed, and fabricated in the course of this program.

* DEVICE APPLICATIONS OF RESONANT TUNNELING STRUCTURES

- Design and fabrication of very high peak-to- valley current ratio diodes in the
Ino. 53GaO.47As/Ino.52AIo.48As material system. For the lattice matched system a
peak-to-valley ratio of 7(300 K) and 21(77 K) with a corresponding peak current
density of 10 kA/cm 2 was measured. For the InGaAs/AIAs devices a peak-to-valley
ratio of 24(300 K) and 51(77 K) with a corresponding current density of 15 kA/cm 2

was measured.
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- Design and fabrication of very high peak current density diodes in the InGaAs/AIAs
material system. With the incorporation of very thin (17 A) AlAs barriers a current
density as high as 150 kA/cm2 was measured.

- Proposed the use of resonant tunneling diodes as infrared and optical modulators
and detectors. These concepts are based on the capability of fast charge transfer
phenomena in the resonant tunneling diodes. These devices are predicted to
operate at extremely high frequencies.

- Theoretical and experimental investigation concerning the stability of resonant
tunneling diodes and its effect on the measured I-V. It has been shown that stable
operation of the diode is difficult to obtain under normal experimental procedures
and secondly each type of instability has a characteristic signature apparent in the
measured current-voltage characteristic of the device.

- Theoretical analysis of the effect of stability requirements on the power generation
capability of resonant tunneling diodes. It has been shown that for practical
purposes it is highly desirable to obtain power from a device that is dc stable.
However, requiring the resonant tunneling diode to be stable places severe
restrictions on the power generation capability of the device.

- Characterization of a resonant tunneling diode as a video detector from 8 GHz to
100 GHz. The tangential signal sensitivity and the video impedance were both
found to be a strong function of bias. The values obtained for the tangential
signal sensitivity and the video impedance compare well with Schottky diode
values at lower frequencies. Such properties as the open circuit voltage sensitivity,
dynamic range and broad band frequency response have also been measured with
encouraging results.

- Parametric analysis of the device performance as a function of device design
parameters using a self- consistent quantum mechanical simulation has been
carried out. One of the interesting results of this study was the observation that
for high cathode doping levels the peak current decreases proportionally to the
thickness of the spacer layer. It is suggested that this phenomena is due to the
junction potential between the heavily doped and undoped regions.

- Process characterization and evaluation of shallow ( less than 300 angstrom) n •
and p type ohmic conta:ts.

- Fabrication of InGaAs/InP based Hot Electron Transistors with excellent current
and gain characteristics. (current gain of 100 at 77K).

- Fabrication of InGaAs/InP-based on resonant hot electron transistors (current gain
of 5 and PVR of 4 at 77K.

e ENERGY-MOMENTUM TRANSPORT FOR SEMICONDUCTOR DEVICE SIMULA-
TION

- A 2-valley, energy-momentum simulation program which allows spatial variation
of material parameters and heterojunction potential discontinuities has been
developed.
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- A Monte-Carlo simulation program valid at high electric fields has been developed,
which includes the full electronic band structure in the calculations. The simulation
may be used to determine material parameters required for the energy-momentum
(as well as drift-diffusion) simulations.

- Both energy-momentum and drift-diffusion simulations of millimeter-wave
IMPATT's have been carried out to study the potential of these devices, as well
as to compare the two simulation techniques.

- Better material parameters for GaAs have been determined by Monte Carlo
simulation than were formerly available at high electric fields. These material
parameters allow the use of the drift-diffusion simulation method at higher
frequencies than previously believed.

- Calculations of high-power generation modes in Si IMPATT devices in the 100-200
GHz range have been carried out and published in the IEEE Trans. on Electron
Devices.

- Work has been initiated on including tunneling in both energy- momentum and
drift-diffusion transit-time device simulations.

* FET TRANSISTOR MODELING, DESIGN, FABRICATION AND CHARACTERIZA-
TION

- Fabrication of conventional GaAs FET's with fmax above 150 GHz,

- Design and fabrication of power FET's with 50% improvement in gate to drain
breakdown voltage and good RF performance using strained cap layers.

- Determine the effects of process design parameters on FET performance.

- Development of a device/circuit computer model to predict intermodulation
performance and limitations of FET mixers.

- Fabricated and RF tested strained cap FET's with high breakdown voltages and
good RF performance.

* STRAINED P AND N CHANNEL HEMT's

InP based lattice-matched and strained devices have been studied theoretically and
experimentally. The effect of strain has been demonstrated using various FET designs
such as HEMT's and HIGFET's. Both n and p-channel devices were explored. Major
accomplishments in this area are listed below:

- Mobility improvement from 11500 cm 2/V-sec to 13900 cm2/V-sec at room
temperature using 12% excess Indium in InGaAs channels.

- Measurement of field-velocity characteristics in strained InGaAs/InAIAs
heterostructures. Velocity improvement of 7.4% and 14.8% was demonstrated
with 7% and 12% excess Indium respectively.
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- Establishment of device design approach for strained InGaAs HEMT's. Optimum
designs can be achieved using the results of this approach on the influence of
strain, doping and channel thickness on sheet carrier density, strained channel
carrier occupation, "parasitic- MESFET" conduction, etc.

- First demonstration of double-channel InGaAs/InAlAs HEMT's. Tremendous
output conductance improvement using the double versus single designs. Record
fmakS of 66 GHz were achieved using 1/pm long gates. fma, = 140 GHz was
obtained with 0.25/pm gates.

- Understanding of low frequency noise characteristics and impact of strain. The
results demonstrated that a compromise had to be made between high-gain (large
excess In%) and low-noise (low excess In%).

- A thorough study of the low-frequency dispersion characteristics of InGaAs/InAlAs
HEMT's revealed smallest transconductance and output resistance dispersion for
slight excess in (7%) in the channel. The dispersion is smaller than in MESFET's
and is identified to originate from the channel region under the gate.

- First reliability studies of InGaAs/InAlAs HEMT's revealed DC and high frequency
degradations. Changes in the channel buffer interface and layers manifested by
additional trapping seem to be responsible for this.

- Demonstration of submicron bilayer technology and application to the fabrication
of 0.1 pm InGaAs/InAlAs HEMT's. Record fT's and fmax's in the range of 200
GHz to 240 GHz were achieved.

- First realization of p-channel GalnP/InGaAs/GaAs HEMT's. Channel mobility
and transconductance enhancement up to 47 mS/mm was demonstrated. N and
p-channel HIGFET's were also realized for the first time using GalnP/InAs/GaAs.

- Demonstration of absence of threshold voltage shift and current collapse in
cryogenic operation of GalnP/GaAs HEMT's. Superiority over AIGaAs/GaAs and
InGaAs/InAlAs was shown.

- Investigations of i-layer and step-doped designs for HEMT's showed that better
threshold voltage uniformity could be obtained in recessed devices together with
improved linearity and reduced low- frequency noise in such designs.

- HEMT breakdown analysis using a two-dimensional approach. A screening effect
of transverse from longitudinal electric field was identified. Double channel designs
were analyzed to explain their breakdown advantages over single channel devices.

- Demonstration of E/D mode HIGFET technology with best recorded standard
deviations of threshold voltage and state-of-the- art speed characteristics.

- Development of novel refractory metal WSi submicron gate technology. Unlike
traditional technologies this approach employs lift-off rather than RIE for gate
definition.

- Realization of state-of-the art InP-based HEMT characteristics using self-aligned
gates for improved fmax characteristics and demonstration of fma. = 310 GHz
using this technology with 0.1 pm long-gate.
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- Analysis of subthreshold conduction in InAlAs/InGaAs HIGFET's and
demonstration of more pronounced effects in strained devices related to higher
carrier injection to the buffer and presence of a deeptrap (EDT = 0.34 ± 0.01,
NDT = 2.4 x 10 6cm- 3 ).

- Demonstration of correlation between transconductance dispersion and low-
frequency noise by generation-recombination in GalnP/GaAs and AIGaAs/GaAs
HEMT's. Evaluation of trap presence at high temperature operated GalnP/GaAs
devices but absence ,f such effects at low temperature.

- Demonstration of threshold voltage shift and orientation effects in InAlAs/InGaAs
HIGFET's due to piezoelectric charges induced by the WSi refractory gate

metallization.

- Report of the highest fT obtained by MOVPE grown InAlAs/InGaAs HEMT's. A
value of 180 GHz has been reached using 0.1im long-gate.

. HETEROJUNCTION BIPOLAR TRANSISTORS

Development of a self-aligned technology for AIGaAs/GaAs and InGaAs/InP
HBT's. Special RIE approaches were established for controlled emitter definition
and base contacting without severe damage of the dry etched surfaces.
Methane-based gases were used for the InP-based devices and submicron
"quantum-wire" type tests were conducted for the damage studies.

Demonstration of InP/InGaAs HBT's with a gain of 100 and realization of the
first GaInP/GaAs HBT's with a gain of 440 and a collector current density of 150
A/cm 2.

- Identification of low frequency noise sources in AIGaAs/GaAs and InP/InGaAs
HBT's. Surface recombination at the base periphery and diffusion contributed
to the collector 1/f noise, while G-R noise showed enhanced impact at low base
currents.

- Demonstration of a novel self-aligned InP/InGaAs HBT technology using
integrated air-bridge technology for reduced emitter pad parasitics. fT values of -
36 GHz were obtained using this approach. Significant performance improvement
is expected by employing this approach in HBT layouts with reduced base-collector
capacitance.

- Demonstration of speed-breakdown tradeoffs in InP-based HBT's and evaluation
of such characteristics for devices with special collectors and double HBT designs.

- Verification of superior speed-breakdown tradeoff by p-n- collector InP HBT's as
compared with conventional designs.

- Prediction of impact ionization coefficients for a variety of IrP- based materials
using physical models in view of evaluating their values over a wide range of electric
fields as required for electronic device simulations.
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- Experimental and theoretical demonstration of a collector transit-time reduction
using AIGaAs/GaAs and InP/InGaAs HBT's with undoped-collector and inverted
field designs. A Monte Carlo analysis was specially developed for this purpose.

- Development of a transient Monte-Carlo technique for studying the switching
properties of HBT's. Inverted field designs showed best performance in switching.

- Study of the effect of graded Emitter-Base design in InAlAs/InGaAs HBT's.
Intermediate (x=0.5) gradings showed cut-off frequencies as high as 270 GHz
and 2.2 psec switching times.

- Development of a harmonic-balance based HBT-model for analyzing the power
saturation mechanisms. Nonlinearities in transconductance, input and output
capacitance were identified. These depend on class of operation and device
terminating conditions.

- Establishment of speed-power criteria for GaAs and InP-based HBT's
demonstrating the potential limitations of special collector structures for power
applications.

- First study and analysis of noise upconversion mechanisms in HBT oscillators.
This provides the means of correlating the oscillator noise with 1/f and other type
of noise existing in the discrete HBT devices, as well as, with its nonlinearities.

- Evaluation of intermodulation characteristics of HBT's by Volterra-series analysis
and demonstration of improved IMD3 performance through cancellation of various
nonlinear current components at the •ase-emitter and base collector junctions.

- Demonstration of a hybrid optoelectronic technique for obtaining the small and
large signal characteristics of HBT's.

- Development of a direct technique for extracting the equivalent circuit parameters
of HBT's in view of providing more physical insight to the device characteristics.

o HETEROSTRUCTURE MICROWAVE MONOLITHIC INTEGRATED CIRCUITS

- Development of double-heterojunction AIGaAs/GaAs MMIC's improved perfor-
mance over MESFET technology:

- Bridged-T/0.5-12.0 GHz attenuator with improved bandwidth, dynamic range and
insertion loss.

- T-phase shifter with enhanced capacitance ratio and phase- shift.

- Development of InAlAs/InGaAs submicron heterostructure MMIC's with
state-of-the-art characteristics:

- Improvement of intermodulation distortion point by 4 dB in InGaAs/InAlAs versus
AIGaAs/GaAs HEMTs.

- Bridged-T, T and ir monolithic amplitude control functions with excellent dynamic
range, bandwidth and insertion loss.
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- Analog monolithic T-phase shifter with excellent phase shift properties using the
highest reported capacitance ratios (-'10:1) for monolithic devices.

- First heterostructure monolithic integrated amplifier using three-stages of
InAIAs/InGaAs HEMT's. Maximum gain was 22dB and return loss better than 10
dB from 6.0 to 9.5 GHz. Design goals were achieved using either lattice matched
or strained heteroepitaxy.

- First demonstration of W-band monolithic HEMT oscillator with 1.2 mW output
power at W-band.

- First demonstration of W-band monolithic HEMT mixer with 1 dB conversion
gain.

- First demonstration of a monolithic integrated HEMT doubler for 90 GHz to 180
GHz signal upconversion. Conversion loss was 6 dB at only dBm input drive power.

- First demonstration of a fully integrated monolithic oscillator and doubler chain
using submicron InAlAs/InGaAs technology for D- band (130.5 to 132.8 GHz)
operation.

e GROWTH OF HIGH-QUALITY MBE LAYERS FOR CHARACTERIZATION AND
HIGH-SPEED DEVICE APPLICATIONS

- Growth of GaAs- and InP-based single layers and quantum wells with narrowset
photoluminescence linewidths (0.2 meV for 100 A GaAs/AIGaAs SQW; 0.8 meV
for 40 prd GaAs/AIGaAs MQW; 3.5 meV for 20 prd InGaAs/InAlAs MQW.

- First growth of high-quality InP-based pseudomorphic modulation doped
heterostructures for high-speed and high- frequency FETs.

- Highest peak-to-valley ratios in InP-based pseudomorphic resonant tunneling
diodes.

- Experimental demonstration of three-dimensional island growth modes in for
misfits greater than 1.5%.

- Growth of Sb-bearing compounds and alloys with highest mobility (e.g. u =

70,000 cm 2/V.S and 110,000 cm 2/V.S. in InSb at 300 and 77 K, respectively.

- First measurement of recombination lifetimes and escape times in InGaAs/InAlAs
MQW.

- First experimental determination of a(E) and 3(E) in pseudomorphically strained
single layer semiconductors.

- Demonstration of reproducible high p-type doping levels (2 x 1019 cm-3) by Si
during MBE growth on (311) A GaAs.
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* GROWTH, FABRICATION AND UNDERSTANDING OF 1-pm AND SUBMICRON
InGaAs/InAlAs AND InGaAs/AIGaAs MODFET's AND BIPOLAR DEVICES

- Pseudomorphic InTGaIXAs/Ino.s 2AIo. 48As modulation-doped heterostructures
with 0.53 < x < 0.85 have been grown with extremely high mobilities at 300K
and lower temperatures. Sheet carrier concentrations as high as 5 x 1012 cm-12
have been measured in the 2-DEG. Analysis of the results give us an idea of
the growth modes and roughness in the growth front. 1-pm and 0.25 pam gate
MODFETs made with these heterostructures show state-of-art DC and microwave
performance. Techniques such as migration enhanced expitaxy (MEE) will be used
to further improve the quality of these heterostructures.

- As- grown and regrown heterostructures have been developed for integrated
opto-electronics. In particular, InP-based heterostructures have been developed
for front-end photoreceivers consisting of a high-speed detector and a MODFET
amplifier. The InP-based photoreceiver bandwidths are the highest measured to
date.

- Antimony- containing binary and ternary alloys and heterostructures are being
developed for FETs, RT devices, bipolar transistors and optical devices. In
particular, growth on lattice-mismatched GaAs and InP substrates is being studied
in detail. The electron mobilities measured in InSb and InAsSb grown on GaAs and
InP substrates are the highest measured in MBE-grown materials and comparable
to the best reported data for LPE- grown crystals. More importantly, the mobility •
remains high ( , 110,000 cm 2/vs) at low temperatures and the crystals do not
undergo type conversions. InAsSb will be used as the channel region of FET-type
devices, as the base of HBTs, and as the low-bandgap material for superlattices
and MQWs. It should be mentioned that these results have been obtained with a
solid Sb4 source. Further work will be done with a cracker source. 0

- First experimental determination of a(E) and /3(E) in thin strained InGaAs.

- Optical time-of-flight measurements in InGaAs/InAlAs quantum wells.

- First demonstration of enhanced low-field and high-field transport properties in
InP-based pseudomorphic modulation doped structures and their application to
high-speed and high-frequency devices.

- Demonstration of the use of MEE growth technique to obtain superior MODFET
device performance at 300 K and lower temperatures.

- First demonstration of InAs channel 0.1/im gate MODFET (fT = 128 GHz at
300K).

- GaAs/AIGaAs HBTs on (311) B substrates with all-silicon doping. Devices have
excellent dc and microwave characteristics.

70



* VERY-HIGH SPEED DETECTORS, MODULATORS AND MONOLITHICALLY
INTEGRATED DEVICES

- In the area of high-speed detectors, we have demonstrated as-grown and re-grown
InP based p-i-n diodes which have measured temporal response times - 15 - 20
ps. and responsivities > 0.4 A/W.

- We have analyzed, designed and fabricated InP- based monolithically integrated
front-end PIN-HEMT photoreceivers using one-step molecular beam epitaxy.
These OEICs have measured bandwidths ,- 2 - 2.5 GHz, which are the best
achieved till date with InP-based materials. Similarly, we have conceived
and developed another integrated scheme for a front-end photoreceiver with a
doped-channel FET and Camel diode, which have several advantages over the
previous structure and should emerge as the simplest and fastest InP-based circuit.

- For application in integration for communication and radar applications we have
analyzed and measured the performance of regrown high speed MODFETs and
p-i-n diodes. We have achieved performance nearly comparable to as-grown
devices.

- Development of low-loss waveguides and phase-shifters for the 1.3 - 1.6 /m range,
which leads the way for developing integrated optics with InP-based materials.

- Monolithically integrated front-end photoreceivers with a bandwidth of 15.6 GHz
have been fabricated.

- First measurement of electro-optic coefficients in compressive and tensile strained
InP-based quantum wells.

- Understanding of the mechanism for enhancement of a//3 in GaAs/AIGaAs

quantum wells - the coupled quantum well experiment.

- Realization and characterization of low-loss, single-mode Zn- diffused IILD
waveguides.

- Demonstration of a vertical all-optical coupler-switch using a non-linear MQW
coupling region.

* CHEMICAL BEAM EPITAXY: HETEROSTRUCTURE GROWTH AND CHARACTER-
IZATION

Excellent progress was achieved in the growth of Ill-V semiconductor using CBE. Some
of the achievements include:

- Bulk Material:

p 0 3000 K 0 77%
InP 4,500 cm2 /Vs 70,000 cm 2/Vs
InGaAs: 10,500 cm2 /Vs 62,500 cm 2/Vs ba/a< 2x10-4
InAlAs: 1,000 cm ' /Vs 6a/a < 2 x 10- 4
InAIP ba/a < 2 x 10-3
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InGaP ba/a < 5 x 10-3
InGaAsP (1.1, 1.2, 1.4 mm) 6a/a < 7 x 10- 4

InAlAs was grown for the first time by CBE using trimethyl amine alane. This
material is comparable to state of the art MBE grown InAlAs.

InAIP was grown for the first time by CBE using trimethyl amine alane. 0

- Doping

Tin surface segregation was studied.
Pulse doped heterostructures were characterized by Hall measurement.

- Selective Area Epitaxy:
Both SiO 2 and Si3N4 were used as masks in the selective area growth of both
InP and InGaAs. Both show no deposition on the dielectric and planar growth in
the windows. InAlAs deposited using TMAA precursor is not selective on either •
surface however due to the reactive nature of the Al and its precursor.

- Heterointerfaces:
X-ray analysis of multi quantum well structures showed excellent abruptness in
InGaAs/InP and InGaAs/InAlAs systems.

Spectroscopic ellipsometry showed monolayer abruptness in InGaAs on InP in-
terfaces while InP on InGaAs showed 10-20 Angstroms transition regions.

- Devices

Lasers: InGaAs/InGaAsP/InP strained multi quantum well lasers showed threshold
current densities and quantum efficiencies comparable to the best obtained
by any growth technique.

HBT: InGaAs/InP npn heterojunction bipolar transistors with /# of 200 have been
grown and fabricated.

InGaAs/InAlAs npn HBT's with 6 of 300 have been grown and fabricated.

HEMT: Uniformly doped and planar doped lattice matched InGaAs/InAlAs high elec-
tron mobility transistors have been produced with 0.1 and 0.15 Pm gate
lengths which exhibit unity current gain cutoff frequencies (fT) as high as 190
GHz and unity power gain cutoff frequencies (fmaz) above 300 GHz for self
aligned devices. These devices show excellent I-V and noise characteristics.
Thermal stress and lifetime experiments indicate that these devices perform
better than MBE grown material.
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Uniformity doped and planar doped InP/InAlAs HEMT's have been grown
and fabricated with mobilities higher (for a given carrier concentration) than
recorded published reports of material grown by MOCVD. Devices fabricated
from this material do show slightly improved I-V breakdown voltages than
InGaAs channel samples and fT - 40 GHz and fm,., -- 51 GHz for 0.15 pm
long gates.

HET: InGaAs/InP hot electron transistors with differential current gain of 100 have
been produced.

RHET: Pseudomorphic InGaAs/ALAS/InP resonant hot electron transistors were
realized with reasonable current gains and peak to valley ratios.

RTD: Strained InGaAs/AIAs resonant tunneling diodes showed current densities of
1 x 10i A cm- 2 with peak to valley ratios of 25.

Logic gates: Several logic function gates and memories were demonstrated using RHET's
and RTD's, which included exclusive-NOR, multi-state memory and a
frequency multiplier.

* DIGITAL ETCHING FOR DEVICE FABRICATION WITH HIGH SELECTIVITY AND
LOW DAMAGE MAJOR ACHIEVEMENTS:

- First study to characterize etch rate, etch profile, surface morphology, and
selectivity of GaAs, InP, InGaAs, and AIGaAs using an ECR source in C12/AR
and BCI3 gas mixtures.

- Fabrication of nanometer quantum dots and wires for semiconductor waveguides
with vertical profile and smooth surface morphology by etching with an ECR
so u rce.

- Caracterization of electron beam lithography for fabricating quantum wires and
dots that are 30 nm in width or diameter.

- Biiayer photoresist etching with fast etch rate (> 1 am/min) and smooth
m-rphology. First demonstration of uniformity better than 0.5% across 7.5-cm-
d&'meter wafer in an ECR source.

- GzAs etch profile and surface morphology improved at low pressure by RIE in
C( 12 F2 /Ar.

- InP etched with vertical profile and smooth morphology by RIE in Ch 4/H 2 /AR.

e RIE FOR III-V DEVICE STRUCTURES

- Developed III-V plasma etching techniques for general device fabrication use in
the Solid-State Laboratory.

- Gained an understanding of how sputter etching and chemical etching interact and
how they can be isolated to enhance etch rates.

- Studied stoichiometry of reaction layers that form on etched surfaces using surface
analysis and determined how they inhibit or enhance etching.

73



- Developed new etch chemistry for etching InP (BC1 3/Ar/0 2).
- Developed a kinetic mechanism and surface model for the chlorine plasma etching

of InP.

"* ELLIPSOMETRY FOR NONDESTRUCTIVE CHARACTERIZATION OF III-V
STRUCTURES

- Development of a highly flexible software platform for SE data analysis. 0
- Development of a new method (the modified harmonic oscillator model) to

accurately estimate the dielectric response of AlGa1 _-As as a continuous function
of X.

- Extension of the modified harmonic oscillator model to the lattice-matched
InGaAsP and Si•Gel_., systems.

- Use of SE to nondestructively determine the effectiveness of plasma surface
treatments for removing native oxide films and the degree of damage to the
underlying semiconductor.

- Use of SE to assist in the development of CBE processes to yield highly abrupt
structures with minimal cross-contamination of the group V element.

- Use of SE to characterize the refractive indices and thicknesses of optical
and electron beam resists to support deep submicron and conventional
photolithography processes.

"* INSULATED GATE DEVICES

- Development of a state-of-the-art low temperature direct- plasma PECVD process
for the deposition of Si0 2 which yields MOS results on Si wafers which are near
the quality of thermally grown Si0 2 on Si.

- Development of a highly repeatable, all dry process, state of the art process for
passivation of GaAs surfaces with a widebandgap insulator (Si0 2);

- Development of a deep submicron etch process for WSi, self-aligned gate for FET
structures.

"* THEORY, DESIGN AND FABRICATION OF LASER DIODE SOURCES

- Detailed theoretical and experimental study of InP-based strained quantum well
lasers.

- Characterization of small and large-signal modulation characteristics of InP-based
quantum well lasers (Jlh -" 600 A/cm 2 for Ino.c8Gao. 32As/InP laser. 3-dB
bandwidths - 6 GHz have been measured.

- First experimental determination of Auger recombination coefficients of these
lasers as a function of In composition in the well material.

- Measurement of bandwidth from noise intensity spectrum and correlation with
filamentation behavior.
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* DYNAMICS OF PHASED-LOCKED SEMICONDUCTOR LASER ARRAYS

- An analytical result for the Hopf bifurcation of N coupled lasers has been
developed.

- Obtained an analytical expression for the critical coupling strength at which an
array of N lasers will become unstable. This is very important for laser array
development.

- Studied the effect of external light injection on laser array nodes.

* OPTOELECTRONIC MATERIAL AND DEVICE MEASUREMENTS

- Development of a formalism for theoretical analysis of second harmonic generation
in optical fibers, due to higher order nonlinearities involving electric quadrupole,
magnetic dipole, and core-cladding interface effects. Calculation of expected
conversion efficiencies, which indicated such effects were at least five orders of
magnitude too small to explain experimental observations. Analysis of intermodal

0 phase matching of SHG in fibers.

- Analysis of transverse and longitudinal electric-field-induced SHG in fibers;
prediction of relatively large conversion efficiencies (,--•1%) by utilizing proper
electrode geometries.

- First direct confirmation of the existence of a periodic structure in fibers
conditioned for SHG, by observing a periodic variation of the low-frequency
spontaneous Raman scattering spectrum emitted from a small segment of the
core (length -, 5 ym) perpendicular to the fiber axis.

- Development of a rate equation model which describes the evolution of the
X(2) grating in fibers conditioned for SHG. Explanation of conversion efficiencies
attainable in P-doped and GeO- doped fibers, in context of model predictions.

- First direct observation of the asymmetry between the fast and slow axes of a
weakly birefringent fiber due to polarization instabilities, in good agreement with
theoretical predictions. Also the first demonstration of amplitude modulational
(AM) gain due to polarization instabilities, where a 15% intensity modulation of
an input pulse was transformed into 100% modulation of the output.

* NONLINEAR LASER SPECTROSCOPY OF SEMICONDUCTOR MATERIALS

A complete study based on new nonlinear laser spectroscopy methods was made
of exciton relaxation in disordered quasi-two-dimensional systems. The work
provided the first measurement of the quasi-equlibrium exciton distribution in
GaAs quantum wells as well as the temperature dependence of the relaxation
rate, verifying both the theory for exciton relaxation in disordered systems as well
as our new theory for four-wave mixing.
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- We provided the first measurment of the time resolved emission of the picosecond
coherent excitation of excitons in quantum wells. The results were completely
unexpected and showed the emission is comprised of two components: a
delayed signal corresponding to a stimulated photon echo and a prompt signal
corresponding to a free polarization (or induction) decay signal. The results
conclusively showed that there are at least two separate classes of excitons in
these systems. Further measurements using polarization techniques demonstrated
that we could distinguish these two classes of excitons and that the echo arises 0
from disorder induced localized excitons while the prompt signal arises due to
delocalized excitons. The results are profound because they show that these two
classes of states can coexist in these systems and most likely shows that the
microscopic nature of the disorder is complex, perhaps bimodal in the scale length
distribution as suggested by other measurements.

- We performed the first measurements of the cw nonlinear response of
magneto-excitons in quantum well structures. Using the new high resolution
nonlinear spectroscopy methods developed by our group, we frequency resolved
the exciton Zeeman splitting within the inhomogeneous distribution, a result not
previously possible by other methods and important since we have been able to
show the g-factor is nonlinear as a function of the magnetic field for small fields.
The work is of interest to people concerned about band structure in these systems
and the effect of spin.

* HIGH TC SUPERCONDUCTING THIN FILMS AND DEVICES

- Construction of a Nd/YAG laser ablation system for superconducting film
deposition on heated substrates.

- Development of a spray technique for the deposition of grainy superconducting
films.

- Microwave detector measurements using distributed weak link mechanism in grainy
superconducting films.

- Growth of High-T, superconducting films of GaAs substrates with A120 3 buffer
layer.

* GROWTH AND CHARACTERIZATION OF THIN FILM STRUCTURES

- A technique for structural characterization of semiconductor heterostructures using
high resolution X- ray techniques has been developed. This has been employed to
determine quantitatively the degree of strain, thickness and crystalline coherence
of various III-V epitaxial layers.

- RTA is a discontinuous, collective phenomenon and not a gradual strain relief as
previously thought. This implies that there are definite characteristic thresholds for
annealing in terms of annealing temperature, and time during which the annealing
takes place.
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- A major achievement has been the development of time-resolved x-ray scattering
techniques which can probe structural changes on very short time-scales (pisec) so
that the RTA process could be investigated microscopically. The new techniques
involve highly intense x-ray beams from synchrotron radiation sources.

- The presence of ion-implants in strained layers enhances the efficiency of the RTA
process. A probable mechanism is the increased absorption in the infra-red region
due to interband states from the ion-implants.

* EXPERIMENTAL AND THEORETICAL STUDY OF MESOSCOPIC TUNNEL
JUNCTIONS

0 - Designed and built a cryogenic scanning tunneling microscope (STM) capable
of making topographic and spectroscopic meaurements at liquid helium
temperatures.

- Measured single electron charging effects in samples of confined geometries using
a cryogenic STM.

- Calculated new effects in the thermoelectric power and inelastic spectra of a tunnel
junction due to single electron charging.

* ANALYSIS OF CROSSTALK AND SIGNAL COMMUNICATION IN VERY-HIGH
FREQUENCY DIGITAL INTEGRATED CIRCUITS

- Development of a finite-difference transmission line matrix (FDTLM) program for
three-dimensional simulation of the electromagnetic properties of the interconnects
and devices of ultra-high speed digital integrated circuits.

- Design and fabrication of a test chip for the integer part of the CPU of a GaAs
Microprocessor which uses the MIPS architecture.

e RESEARCH AND DEVELOPMENT ON A HIGH PERFORMANCE GaAs MICROCOM-
PUTER SYSTEM

Computer-Aided Design Environment

* Schematic capture was added to microwave simulation and optimization.

Our interface between Super-Compact and the Mentor Graphics schematic
capture package allowed microwave IC designers to take advantage of the
graphical input tools developed in the silicon VLSI area. A design could be
entered as a schematic using 67 elements available from a menu; after the
design was optimized by SUPER- COMPACTTM, the schematic was updated
(back-annotated) with the results. This interface was made available to the
URI community, and was distributed commercially by Compact Software, Inc.

* A circuit compiler was developed for direct-coupled FET logic (DCFL).

This tool, developed with Cascade Design Automation, includes
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design entry in VHDL, Verilog or EDIF (Synopsis and schematic
interface),
design-rule-driven generation of GaAs cell layout, and SPICE- based
simulation models,
simulation output and back annotation of both gate delays and
interconnect RC delays,

*automatic power rail sizing, 0
synthesis and optimization of circuits from functional descriptions, and

* automatic buffer sizing, block placement and routing driven by timing
analysis to minimize critical paths.

There is an opportunity with these performance-driven CAD tools to actually
improve the speed of VLSI designs over that of hand crafted methodologies,
while significantly reducing the design time. The design-rule-based approach
has the important advantage of allowing designers to capitalize quickly on
advances in technology. Our work has led to a commercial version of the
GaAs compiler, to be announced by Cascade at the 1992 GaAs IC Symposium.
Cascade will donate the GaAs compiler to all of the Universities doing DCFL
design with DOD funding. Such tools shiould have a significant enabling effect
on the digital GaAs area.

• Efficient delay macromodels have been developed for DCFL gates and
interconnects.

This modeling approach, based on SPICE simulations, represents performance
of low-level digital circuits as functions of loading, output device size, and
input rise or fall time, in a two-dimensional table. By interpolating between
points in the table, a gate-level simulator can efficiently assign accurate delays
(within a few percent of SPICE) to each instance of a gate type. The
approach enables accurate timing analysis and simulation of VLSI circuits in
a practical amount of time. When interconnect exceeds some user-specified
length, interconnect delays are calculated separately from gate delays.

Technologies

• Our analysis of III/V technologies and logic styles for VLSI circuits has
influenced major U.S. GaAs foundries.

Collaborative relationships with these foundries have made their models and
design rules available to us, and our insights regarding VLSI issues available
to them. The ability in our CAD tools to implement VLSI circuits quickly
with various rule sets and constraints, enables us to evaluate the impact of
various process features on circuit size and performance. These results will
be summarized in an invited paper at the 19th Int. Symposium on Gallium
Arsenide and Related Compounds, titled "Compound Semiconductor Device
Requirements for VLSI."
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" Our study of on-chip interconnects, one of the major sources of
delay in high-performance systems, was the first to realistically compare
superconducting and optical approaches to conventional metal interconnect.

Optical connections are not advantageous for on-chip interconnect. And
contrary to the common wisdom at the time, we found that little would
be gained by using superconductors. In realistic FET circuits, the delay
is dominated by the output impedance of gates and the capacitance of
interconnect. Superconductors would be advantageous if they can be placed
on a finer grid than metal lines, but superconducting interconnects are
undamped, so they would require impedance-matched receivers to avoid
ringing, a high price to pay for slightly faster on-chip signal propagation.
A significant improvement in propagation speed is seen for metal lines or
superconductors implemented as air bridges, but air bridges are not practical
for VLSI. Our approach has been to use conventional metal lines, but minimize
interconnect length on critical paths with advanced CAD tools.

" We have analyzed the effects of various material and process parameters on
multichip module (MCM) performance, and the effect of MCM packaging on
system performance.

We have shown that in a representative GaAs microprocessor design,
system-performance can be improved by 50% by using multichip module
packaging. Delay macromodels have also been developed for MCMs.

- VLSI Digital GaAs Demonstrations

• Through the design of 12 integrated circuits, we have identified many
important issues in VLSI GaAs.

The issues in high-performance GaAs design are the same as in any other
technology. The higher the switching speed, though, the more critical these
issues become; delays from chip-crossings, on-chip interconnect, and loading
effects can easily overwhelm the switching speed of gates. Furthermore, DCFL
logic gate structures are very restrictive compared to CMOS gates; ratioing,
limited fan-in and fan-out, no dynamic circuits, no complex gates, and only
limited use of pass gates and stacked transistors make circuits less efficient.
Buffering must be done properly in DCFL or gates will be either very slow, or
overdriven, causing logic faults. The GaAs compiler hides from the designer
many of the limitations and potential problems in DCFL design.

All of the circuits fabricated in this project have been designed as part of the
effort toward a GaAs microprocessor, but a number of them are interesting
in their own right. For example, a 32-bit binary-tree look-ahead adder was
fabricated which has a worst-case delay of 2.3 ns. A unique buffer design,
which we call the 'squeeze buffer,' drives large loads with short propagation
delays, and dissipates no more power than needed. Many primitive cells
have been optimized both for performance and for layout efficiency; these
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are available for the use of others in the GaAs compiler.

* Our first GaAs CPU chip, named Aurora, operates at 137 MHz.

The CFU chip is a reduced-function version of the MIPS architecture,
implemented in the Vitesse HGaAs II process (0.8 /im effective gate length).
The circuit consists of 60,500 transistors. It measures 12.175 x 7.941 mm,
dissipates 11 watts, and executes 28 instructions. The primary purpose in
designing this chip was to exercise our CAD tools. It served as a qualification 0
vehicle for both the circuit design and the design methodology. Th' chip was
designed by five students in five months, including writing the cell generators
for the GaAs circuit compiler. The chips were then tested using our new
HP82000, which was funded in part by a separate ARO equipment grant.
It has only one design error, which was found shortly after the design was 0
submitted for fabrication: some source-follower buffers are driven by lines
that also drive DCFL gates. Since the chip has a scan chain throughout, we
were still able to test everything.

* A 1K-word x 32-bit static RAM chip has been designed in DCFL to serve as
instruction and data cache for our GaAs processor. 0

Two versions of this circuit are currently in fabrication at Vitesse. The second
of these should have an access time (latch-to-latch) of 2.5 ns. The design
includes a novel electrically programmable redundancy scheme.

* The crowning accomplishment of this work is the design of a 250-MHz 0
RISC-architecture CPU chip having 110,000 transistors; this chip is in
fabrication at Vitesse.

The efficient design of this circuit was made possible by the GaAs circuit
compiler. 0

* DIGITAL CIRCUITS

- We have been the first to recognize the tremendous potential of neural networks
for built-in self-repair of embedded memories. We clearly demonstrated how the
chip yield can improve from 20% to 99% by using the combinatorial optimization
capabilities of the electronic neural network.

- We have also developed a very powerful reconfiguration algorithm that applies
to hexagonally interconnected systolic processor arrays. It achieves improved
fault-tolerance at minimal switching cost. 0

- We also designed HAM (Hexagonal Array Machine), which we believe Is the first
to implement concurrent multiple-layer wire routing.

- A new fault model was developed to capture the leakage current sensitivity to
processing parameters. New parametric test procedures were designed based on
this model.
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- New Design-For-Testability approaches to accelerate test procedures by a factor
of 1000 have been developed.

- Test methodology for embedded RAMs has been developed.

- New error correcting circuits have been designed to decrease the soft error rate by
a factor of 106.

- Neural type circuits have been used for the first time to automatically repair and
reconfigure large memory and processor arrays.

- A powerful algorithm based on graph znd switching theory techniques was
developed for reconfiguring hexagonal processor arrays.

- A 1 kbit HEMT RAM cell was designed and the effect of processing variations
and defects on the performance of the cell were studied to identify the possible
fault effects at the circuit/system level. Efficient test procedures were suggested
for these faults.

- A small circuit simulator to perform transient and DC analyses of RTT/RTD
circuits has been designed based on a simulation model derived from device
simulations and measurements.

- Several basic digital logic elements such as AND/OR/XOR gates were designed
and/or fabricated using RTTs, RTDs and RHETs.

- Properties of bistable logic (self-latching logic) circuits using NDR devices were
studied.

- Arithmetic functions such as addition and multiplication were studied to
understand the impact of NDP logic; the projected speeds are in the
sub-nanosecond range for 32-bit a ithmetic.

- Multi-valued logic elements using NDR devices were studied.

- Design of ultra-dense storage elements using NDR devices was investigated.
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I. ELECTRONIC, OPTICAL AND TRANSPORT PROPERTIES IN HETEROSTRUCTURE
BASED DEVICES

FACULTY SUPERVISOR: J. Singh

GRADUATE STUDENT PARTICIPANT:

V. Sankaran

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

To develop theoretical formalisms necessary to study and conceptualize novel high speed
electronic and optoelectronic devices based on heterostructures.

WORK PERFORMED:

* Polarization dependence of optical transitions in quantum dots and wires: A 3D
Schr6dinger equation has been solved for the description of electron and hole states in
quantum dots and wires. The effect of structure symmetry on polarization dependence
has been studied.

"* Disorder and Localization in Quantum Wires: The effect of structural disorder on the
localization of electron and hole states in quantum wires is studied. It is shown that
the disorder can seriously limit the performance of quantum wire based devices.

"* Interband tunneling related breakdown in narrow gap semiconductors has been studied
by using an eight band formalism developed by us.

PUBLICATIONS:

1. T. Tanaka, M. Willatzen, Y. Arakawa, P. Bhattacharya and J. Singh, "A Study
of Valence Bandstructure and Polarization Dependence of Near Bandedge Optical
Transitions in Quantum Dots and Quantum Wires," submitted to Phys. Rev. B.

2. J. Singh, Y. Arakawa and P. Bhattacharya, "Consequences of Structural Disorder on
Laser Properties in Quantum Wire Lasers," to appear in Photonics Technology Letters.

3. J. Singh, T. Takahasi and Y. Arakawa, "Consequences of Structural Disorder on
Optoelectronic Properties of Quantum Wire Structures," presented at the American
Physical Society Meeting, Indianapolis, 12-16, March 1992.

INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

Discussions with Drs. M. Stroscio and G. lafrate on how scattering from heterostrucure
phonons should be included in tunneling processes.



II. QUANTUM TRANSPORT MODELING OF RESONANT TUNNELING STRUCTURES

FACULTY SUPERVISOR: G. I. Haddad 0
RESEARCH SCIENTIST: R. K. Mains

GRADUATE STUDENT PARTICIPANT:

J. P. Sun

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The objective is to develop simulation programs to predict the behavior of quantum
devices. The simulations will be capable of modeling transient behavior, i.e. the time de-
pendence of the Schr6dinger equation will be included. The goal is to simulate the switching
characteristics and high-frequency behavior of quantum devices.

WORK PERFORMED:

The accurate re-formulation of the Wigner function method for quantum transport
modeling has been submitted to the Journal of Computational Physics for publication.
Additional calculations using the method have also been carried out. Although the method
is promising, further problems remain in its implementation, particularly due to finite
computer resources. These problems and proposed solutions are discussed in the Journal
of Computational Physics article.

Work was begun on a formulation to study F-X mixing in tunneling through quantum
barriers. The method used has been proposed by Liu 1 and involves calculation of both F and
X valley wave functions which are coupled at the hetero-interfaces. The method will be used
to study the effects of this mixing on I-V characteristics of quantum devices.

The work on quantum well varactor design and analysis has been accepted for publication
in the Journal of Applied Physics.

PUBLICATIONS:

1. J. P. Sun, R. K. Mains, W. L. Chen, J. R. East and G. I. Haddad, "C-V and I-V
characteristics of quantum well varactors," accepted for publication in J. Appl. Phys. i

2. R. K. Mains and G. I. Haddad, "An Accurate Re-Formulation of the Wigner
Function Method for Quantum Transport Modeling," submitted to the Journal of
Computational Physics.

01

1H. C. Liu, Appl. Phys. Lett. 51, 1019 (1987).
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3. W. L. Chen, J. P. Sun, G. I. Haddad, M. E. Sherwin, G. 0. Munns, J. R. East and R.
K. Mains, "lnGaAs/InP Hot Electron Transistors Grown by Chemical Beam Epitaxy,"
submitted to J. Appl. Phys.

4. S. Mohan, P. Mazumder, R. K. Mains, J. P. Sun and G. I. Haddad, "Ultra-Fast pipelined
arithmetic using quantum electronic devices," submitted to IEEE J. of Solid State
Circuits.

5. S. Mohan, P. Mazumder, G. I. Haddad, R. K. Mains and J. P. Sun. "Logic design
based on negative differential resistance characteristics of quantum electronic devices,"
submitted to IEEE J. of Solid State Circuits.
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III. INVESTIGATION OF NOVEL HIGH-FREQUENCY DEVICES BASED ON QUANTUM
TRANSPORT IN III-V SEMICONDUCTORS

FACULTY SUPERVISOR: G. Haddad
RESEARCH SCIENTIST: J. East
RESEARCH ENGINEER: G. Munns

GRADUATE STUDENT PARTICIPANT:

W. L. Chen

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The main objective of this task is to model,design, fabricate and RF test transistors based
on phenomena such as resonant tunneling and hot electron transport and to examine their
potential for high speed/ high frequency applications. The main emphasis is on unique reso-
nant tunneling transistor (RTT) structures. These include REsonant Hot Electron Transistors
(RHET) and a unique structure that uses a bound state in the quantum well base to improve
the base resistance and a stepped barrier in the collector to improve the leakage and yield 0
a larger base-collector voltages. This is referred to as the Bound State Resonant Tunneling
Transistor (BSRTT). The shorter term goal is to improve the range of individual process steps
required to build these devices.

WORK PERFORMED: 0

The main effort under this task has been process development to improve the base contact
characteristics of RHET's, HET's and HBT's and fabrication of transistors using the improved
contacts. Two types of contacts are needed for transistors; deep ohmic contacts for the emitter
and collector and a shallow contact for the thin base region. The base is n type material for
the transistors under consideration in this section and p type material for the HBT's discussed
in section IV. The same contact was optimized for n and p shallow contacts. For comparison
purposes the properties of the Au/Ge/Ni/Ti/Au contact that we use for deep n type contacts
was also studied. For a wide range of anneal temperatures, the depth of the ohmic contact
was found to be controlled mainly by the ohmic metal thickness. The ohmic metals react
with the semiconductor material to form an alloy on the surface. The thickness of the alloy
region depends on the amount of metal that can react. Diffusion of the ohmic metals deeper
into the semiconductor only occurs after relatively long (several minutes) anneal times. A
Pd/Ge/Ti/Al shallow ohmic contact can be used for both n and p type contacts. Based on
SIMS measurements of test structures the ohmic contact depth is less than 300 Angstroms
on InGaAs. The specific contact resistance was 5x 10- ohm cm2 on n type material and 3
x 10' ohm cm 2 on p type material. The n type contacts work for a range of semiconductor
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dopings. The p contacts form a rectifying contact for p doping levels below 3e18/cm 3 . These
new contacts were used to fabricate the HBT's discussed in section IV and several InP/InGaAs
unipolar transistors. The optimized fabrication process has been used to build several HBT
and RHET devices. A hot electron transistor using the InGaAs/InP has been fabricated and
DC characterized. The device had a DC current gain of 100 at 77 K. A second structure with
a resonant tunneling barrier in the emitter has also been fabricated. This device has a current
gain of 5 and a peak to valley ratio of 4 at 77 K. A variety of logic functions and a frequency
multiplier have been demonstrated using this device in simple circuits.

PUBLICATIONS:

1. W. L. Chen, J. C. Cowles, G. I. Haddad, G. 0. Munns, K. Eisenbeiser and J. R. East,
"Ohmic Contact Study for Quantum Effect Transistors and Heterojunction Bipolar
Transistors with InGaAs Contact Layers," submitted to Journal of Vac. Sci. and

Tech.



IV. HETEROJUNCTION BIPOLAR TRANSISTOR MODELING, DESIGN, FABRICATION
AND EVALUATION

FACULTY SUPERVISOR: G. Haddad
RESEARCH SCIENTIST: J. East
RESEARCH ENGINEER: G. Munns

GRADUATE STUDENT PARTICIPANTS:

J. Cowles
M. Karakucuk
D. Teeter
K. Yang

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The major objectives of this task are to model, design, fabricate and RF test heterojunction
bipolar transistors that take advantage of the wide range of material systems possible with
MBE and CBE growth systems. These devices will be used to improve the high frequency
performance and produce higher power.

WORK PERFORMED:

There were three main areas of work on this task: (1) large signal microwave and millimeter
wave measurements, (2) process optimization for InGaAs HBT's; and (3) numerical analysis of S
abrupt heterojunctions. Earlier progress reports have described the large signal measurement
systems used to characterize the power performance of HBT's. These systems have been
extended to measure the intermodulation performance of HBT's between 8 and 40 GHz.
The measured data has been used with an analytic device model in the Libra software. The
results of this work are described in more detail in publications 1 and 2 below. The process
development work on self-aligned InGaAs/InP HBT's !as continued. A major improvement
has been the development of the good shallow base contacts discussed in section III. A
combination of improved CBE growth understanding and the use of RIE and wet chemical
etching has produced a good etch stop for the base contact. With these two improvements,
the f;rst InGaAs/InP HBT's with reasonable DC performance has been fabricated. These 5
devices have a Beta of (170) at room temperature. We have finished a numerical analysis of
current transport across abrupt heterojunction interfaces. Both n-n and n-p heterostructures
over a range of dopings and temperatures were considered. The main new result is the
relatively large effect of tunneling current present in these structures.
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PROGRAM FOR THE NEXT PERIOD:

The CW portion of the HBT measurements and characterization has been completed and
the student involved is writing his thesis. The next step is to being large signal measurements
of devices under pulsed conditions. The HBT fabrication process needs to be improved
to better reduce the parasitic effects in the devices in order to extend the high frequency
performance. Finally, the numerical model is being extended to include band mixing at
abrupt heterojunction interfaces.

PUBLICATIONS:

1. D. Teeter, J. R. East and G.I. Haddad, "Use of self-bias to improve power saturation
and intermodulation distortion in CW class b HBT operation," Microwave and Guided
Wave Letters, vol. 2, No . 5, May 1992, pp. 174-176.

2. D. Teeter, M. Karakucuck, J. East and G. I. Haddad, "Analysis of Intermodulation
Distortion in AIGaAs/GaAs HBT's," presented at the International Microwave
Symposium, June 1992 (pp. 263-267 in conference digest).

3. K Yang, J. R. East and G. I. Haddad, "Numerical Modeling of Abrupt Heterojunctions
Using a Thermionic-Field Emission Boundary Condition," submitted to Solid State
Electronics.

INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

The main experimental portion of this project is large signal characterization of devices.
We have obtained devices from Texas Instruments with the help of Dr. All Khatibzadeh and
from Raytheon Research Division with the help of Dr. Michael Adlerstein. Both groups are
funded by Marko Afendykiw from the Naval Weapons Center at China Lake. We are also
working with Drs. Larry Larson and Paul Greiling at Hughes Research Laboratory and Dr.
Tim Drummond at Sandia Laboratory.
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V. FET TRANSISTOR MODELING, DESIGN, FABRICATION AND
CHARACTERIZATION

FACULTY SUPERVISOR: G. Haddad
RESEARCH SCIENTISTS: J. East

P. McCleer
RESEARCH ENGINEER: T. Brock

GRADUATE STUDENT PARTICIPANTS:

A. Afzali
K. Eisenbeiser
K. Moore
S. Peng

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The main objectives of this task are to model, design, fabricate and RF test FET devices
operating above 100 GHz,to better understand the limitations on power generation in FET's
at lower frequencies and to understand FET mixer performance. 0

WORK PERFORMED:

There were four main areas of work on this task in the last six months: (1) evaluation of
high frequency submicron transistors, (2) fabrication and evaluation of high breakdown voltage 0
power FET's using strained cap layers, (3) development of tools to understand intermodulation
in FET mixers, and (4) modeling of FET performance at high frequencies. The 0.1 micron
FET's described in the last report have been extensive!y RF characterized. A quarter of a two
inch GaAs wafer was fabricated using our submicron transistor fabrication process. Almost all
the transistors on the wafer were good at the DC test stage and approximately 50 transistors 0
were RF characterized from 500 MHz to 26.5 GHz. The best devices had extrapolated f,.ax
values over 150 GHz. The devices were fabricated with channel openings of two and three
microns, either "gamma" or "T" gates, two types of channel recess chemistry and a range of
gate positions in the channel between the center and the source side of the channel. The idea
behind the experiment was to have a common process and GaAs substrate and then to study
the effects of design on the transistor performance. The performance data for each group
of similar transistors on the wafer was measured and average values and standard deviations
calculated. The results showed the design tradeoffs for different transistor parameters. For
example, the optimal device structure for fmax and fT were different. The results show the
critical importance of parasitics in device performance at high frequencies. The details of the
results are given in publication 1 below. The use of strained layers to improve the breakdown
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voltage of FET's has been tested using several different layer structures. The idea is to modify
the band structure and resulting ionization rates in the cap layer under the gate of an FET. A
series of layer structure pairs have been fabricated. The idea is to grow two MBE layers with
the same channel and contact dimensions and doping, and with the only difference being a
strained layer near the gate. The layers are processed at the same time. The performance of
transistors from the two wafers can be compared, with differences being due to the presence
of the strained layer. Early results showed an improvement in the breakdown voltage with the
same DC and RF performance. The strained devices appeared to have traps in the channel
that resulted in a kink in the drain current at high d-ain bias. Additional experience in growth
has improved the quality of the material and reduced the kink effect. The best strained
devices with a 0.2 micron gate had an fmax of 80 GHz, and breakdown voltages larger than 10
volts. Additional details are given in publication 2 below. Two Fortran programs have been
developed for diode and FET mixer intermodulation analysis. Both programs have the ability
to calculate the conversion loss/gain and any second order frequency components as well as
the third-order intermodulation (IM3) power level at the output. The method is based on a
large signal/small signal analysis, in which the large signal portion is based on the reflection
technique and the small signal signal analysis is based on the method of nonlinear currents to
the third order. A systematic study of the correlation between the circuit environment and
the IM output was first made for a diode mixer. The contribution to the IM product from the
components at the image frequency at a component at twice the IF frequency was studied
by adjusting their impedances. The results show a weak change with impedance. The effect
of higher harmonics of the LO were also studied. Finally, the performance of active gate,
resistive gate and drain mixers were studied. The results showed that conversion gain can
be achieved in the active gate and drain mixers, with the drain mixer having a poorer IM3
performance. Although the resistive gate mixer does not have conversion gain, it has the best
IM3 performance.

A first group of Y parameter data from a two dimensional Monte Carlo FET model has
been calculated. This initial data shows that the Y parameters typically measured at low
frequencies must be modified to describe transistor performance above 100 GHz.

PUBLICATIONS:

1. K. Moore, J. East, G. Haddad and T. Brock, "Optimized 0.1 micron GaAs MESFET's,"
presented at the 1992 International Microwave symposium, June, 1992 (pages 643-646
in conference digest).

2. K. Eisenbeiser, J. East, G. Haddad and T. Brock, "High Breakdown Voltage Submicron
Strained InGaAlAs/GtAs FET's," presented at the 1992 International Microwave
Symposium, June, 1992 (pages 647-650 in conference digest).

3. K. Eisenbeiser, J. East, J. Singh, W. Li and G. Haddad, "Breakdown Voltage
Improvements in Strained InGaAlAs/GaAs FET's," accepted for publication in IEEE
Electron Device Letters.
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INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

We are continuing our interactions with Dr. Paul Greiling and his group at Hughes 0
Research Laboratories and Dr. Sandip Tiwari at IBM Watson Laboratories about transistor
design and fabrication.

0

0

0

]00



VI. ENERGY-MOMENTUM TRANSPORT MODELS FOR SEMICONDUCTOR DEVICE
SIMULATION

FACULTY SUPERVISOR: G. I. Haddad
RESEARCH SCIENTIST: R. K. Mains

GRADUATE STUDENT PARTICIPANT:

C. C. Chen

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The objective is to develop methods for implementing the energy-momentum transport
model for a more general class of semiconductor devices than is currently available. The model
will be interfaced with various types of injectors, including quantum mechanical tunneling
injectors, to study relaxation effects in transit-time devices. Also, the model will allow spatial
dependence of material parameters, so that relaxation effects across heterojunction interfaces
can be studied.

WORK PERFORMED:

The high-field Monte Carlo simulation program has been further developed during this
period. Also, work has been initiated to include the tunneling mechanisms in both the
energy-momentum and drift diffusion simulations (the drift-diffusion simulation including
tunneling will be required to generate an initial guess, either for the energy-momentum model
or Monte Carlo device simulations). The availability of final states will be included in the
tunneling model, so that information about the band structure is also being incorporated in
the simulations.

11
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VII. STRAINED P AND N CHANNEL HEMT's

FACULTY SUPERVISOR: D. Pavlidis
RESEARCH SCIENTIST: G. I. Ng

GRADUATE STUDENT PARTICIPANT:

Y. J. Chan

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

This project addresses the effects of strain on P and N channel HEMT and HIGFET
characteristics including their DC and microwave performance. P channel devices benefit
enormously from the reduction of hole masses, while N-channel transistors take advantage of
the better confinement and reduced carrier scattering. Submicron device studies are conducted
in order to evaluate the high-frequency potential of the HEMT's. 0

WORK PERFORMED:

Near subthreshold conduction on InAIAs/lnGal_.,As HIGFET's has been studied for the
case of lattice matched (x=0.53) and strained (x=0.65) channels. With excess In content in 0
the InGaAs channel, carrier injection from the buffer becomes more significant, resulting in
a higher output conductance and soft pinchoff under high Vd, operating conditions. Implant
straggle in the tested HIGFET's was estimated at 900Aand the space-charge depth of 65%
In devices was found to be about 20% higher than for the 53% In case. An SCLC current
related to deep trap (EDT = 0.34 ± 0.01, eV, NDT = 2.4 x 101 cm- 3 ) in the InAlAs buffer
was finally introduced to describe the complete conduction mechanism in InAlAs/InGaAs
HIGFET's operated under subthreshold conditions.

The increase of drain-source current (kink effect) observed in the high Vd, bias region of
p-type doped channel InAlAs/InGaAs FET's was systematically studied. An impact ionization
process initialized by holes in the InGaAs channels was suggested as a possible mechanism for
the kink effect. Temperature dependent measurements confirm this possibility as evidenced
by the reduction of the excess current under high temperature operation. A parasitic bipolar
effect caused by ionized minority carriers, originating by impact ionization from the p-channel,
has also been described and supports the generation of excess channel current by impact
ionization.

Trap effects in GaInP/GaAs and AIGaAs/GaAs have been studied by means of
low-frequency noise and transconductance frequency dispersion characterization. LF noise
and g. dispersion show some correlation, as manifested by the fact that the trap-related
spectra obtained by LF noise measurements occur at temperatures where gm dispersion is
maximum. Unlike AIGaAs/GaAs HEMT's, GalnP/GaAs devices show no trap effect at low
temperatures. They present, however, some trapping at high temperature which seem to
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be related to transconductance dispersion enhancement. Two traps (E,, = 0.58 eV, Ea2 =
0.27 eV) were found in AIGaAs/GaAs HEMT's. The Ea2 manifests the DX-center and causes
current collapse at low temperature. GaInP/GaAs heterostructures show on the other hand
a single trap (E', = 0.52 eV) which impacts the high temperature operation of the devices.

Orientation effects (Ino. 52AIo.48As/Ino. 53Gao. 47As HIGFET's with WSi2 . gates have been
investigated experimentally. The threshold voltage shift with gate-length in the [001] direction
does not depend on film thickness and is mainly due to short channel effects. Compared to
the [001] direction, the threshold voltage shifts to positive or negative values depeaiding on
whether the gates are orientated in the [0111 or [011] directions. The degree of Vth change
in the latter two directions was found to be proportional to the WSiX film thickness. The
results suggest that piezoelectric charges induced by tensile stress between the WSiX and the
semiconductor are responsible for the Vth shift. Finally the effect of stress enhanced lateral
diffusion from the source/drain to gate was found negligible in the tested HIGFET's.

State-of-the-art device performance has been demonstrated using lattice-matched
InAIAs/InGaAs HEMT's grown by MOVPE. A record fT value of 180 GHz was obtained
using 0.1pm mushroom- gate technology.

This is to-date the highest ever reported fT value of MOVPE grown HEMT's and compares
favorably with MBE results. an f,,, of 200 GHz has also been recorded for the devices. Care
has been taken in selecting the buffer layer for good carrier confinement and low leakage. A
thin InAlAs layer was used for this purpose. It is believed that MOVPE offers an excellent
alternative to other growth techniques for realizing InAlAs/InGaAs HEMT's for ultra-high
frequency applications.

The self-aligned technology has been advanced by demonstrating offset gates with 0.1pm
gate-length. Chemical-Beam-Epitaxy g.- wn layers were used for this purpose. A record perfor-
mance of fmax 310 GHz has been recorded extending the gain capability of our InAIAs/InGaAs
devices to much higher frequencies than earlier work.

PUBLICATIONS:

1. G. I. Ng, D. Pavlidis, M. Tutt, M. Weiss and P. Marsh, "Low-Frequency
Noise Characteristics of Latttice-matched (x = 0.53) and Strained (x > 0.53)
Ino.52AIo.48As/InGal-_,As HEMT's," IEEE Transactions on Electron Devices, 39,
No. 3, pp. 523-532, March 1992.

2. Y-J. Chan and D. Pavlidis, "Single and Dual P-Doped Channel Ino.52AIo.48As/
InGal-.,As (x = 0.53, 0.65) FET's and the Role of Doping," IEEE Transactions
on Electron Devices, 39, No. 3, pp. 466-472, March 1992.

3. Y-J. Chan and D. Pavlidis, "High Performance E/D-Mode InAlAs/InGaAs HIGFET
Technology and Integrated Logic Functions," Proceedings of the 4th Annual InP and
Related Materials Conference, Newport, RI, pp. 489-502, April 1992.

4. G. I. Ng, D. Pavlidis, Y. Kwon, T. Brock, J. I. Davies, G. Clarke and P. K. Rees, "0.1 pm
MOVPE Grown InAlAs/InGaAs HEMT's with Above 150 GHz Operation Capability,"
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Proceedings of the 4th Annual InP and Related Materials Conference, Newport, RI, pp.
18-21, April 1992.

5. Y. Kwon, T. Brock, G. I. Ng, D. Pavlidis, G. 0. Munns, M. E. Sherwin and G. I. Haddad,
"Fmax-Enhancement in CBE-Grown InAIAs/InGaAs HEMT's Using Novel Self-Aligned
Offset-Gate Technology," Proceedings of the 4th Annual InP and Related Materials
Conference, Newport, RI, pp. 360-363, April 1992.

6. D. Pavlidis, "Materials Related Issues and Their Characterization in View of Ill-V
Heterojunction Device Optimization," Programme and Abstracts of the 1st Workshop
on Expert Evaluation and Control of Compound Semiconductor Materials and
Technologies, (EXMATEC'92), Session 1(1), May 1992.

7. G. 0. Munns, M. E. Sherwin, Y. Kwon, T. Brock, W. L. Chen, D. Pavlidis and G. I.
Haddad, "Parametric Investigation of InGaAs/InAlAs HEMT's Grown by CBE," to be
presented at the 7th International MBE Conference.

8. Y-J. Chan and D. Pavlidis, "Trap Studies in GaInP/GaAs and AIGaAs/GaAs HEMT's
by Means of Low-Frequency Noise and Transconductance Disperson Characterizations,"
submitted to IEEE Transactions on Electron Devices.

9. Y-J. Chan and D. Pavlidis, "Orientation Effects in Ino. 52AIo.48As/Ino.5 3 Gao.47As
Heterostructure Insulated-Gate FET's," submitted to IEEE Transactions on Electron
Devices.

10. J. Kim, Y-J. Chan, S. Williamson, J. Nees, S-I. Wakama, J. Whitaker, D. Pavlidis, "A
Novel High-Impedance Photoconductive Sampling Probe for Ultra-High Speed Circuit
Characterization," To be presented at the GaAs IC Symposium, 1992.

Ph.D. STUDENTS WHO GRADUATED DURING THIS PERIOD:

Dr. Yi Jen Chan - Associate Professof, National Central University, Department of Elec-
trical Engineering, Chungli, Taiwan. Thesis: Studies of InAlAs/InGaAs and GaInP/GaAs
Heterostructure HBT's for High Speed Application.

INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:
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Alcatel-Espace
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VIII. MICROWAVE PERFORMANCE AND NOISE CHARACTERISTICS OF InP BASED
HBT's

FACULTY SUPERVISOR: D. Pavlidis

GRADUATE STUDENT PARTICIPANTS:

H. F. Chau
M. Tutt

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:
The objectives are to study experimentally various HBT designs based on InP. Conven-

tional, undoped collector and inverted field InP/InAlAs HBT's are investigated. A self-aligned
technology using Reactive-lon-Etchiing approaches is developed.

WORK PERFORMED:

The breakdown and speed characteristics of InP/InGaAs HBT's with different collector
designs and doping profiles have been studied. Drift-diffusion and Monte Carlo modeling
was used for the breakdown and speed analysis respectively. Temperature- dependent- two-
and three-terminal measurements suggest that avalanche impact ionization is the dominant
breakdown mechanism in InGaAs collector HBT's. Criteria for the speed-breakdown tradeoffs
were established with the help of a figure of merit. The maximum breakdown voltages
achieved for designs with 3000Athick collector are: 3.2 V (n- InGaAs), 2.2 V (p- InGaAs),
3.9 V (i InGaAs), 3.3 V (p--n- InGaAs) 7.4 V (n- abrupt InP) and 4.6 V (n- graded InP).
The p- collector SHBT has the highest speed but the lowest breakdown voltage among all
designs. Fast SHBT's do not therefore necessarily translate to high breakdown voltage. The
p--n- collector SHBT shows the best breakdown-speed tradeoff among the SHBT's. DP-BT's
outperform all SHBT's in terms of breakdown-speed performance as long as they are graded
or the collector-emitter is biased at sufficiently high VCE voltage. A cutoff frequency up to
200 GHz was found to be feasible with graded DBHT's. The non-graded DHBT's can finally
be optimized to perform better in terms of breakdown-speed tradeoffs than the graded devices
by increasing the doping of the collector.

The physical model and theoretical expressions derived by Okuto and Crowell have been
used to fit impact ionization experimental data at 300 K for GaAs, Al.Gal1 .As (x = 0.1 to
0.4), InP, Ino.s 3Gao.47As and Ino. 52Gao.48As. This study has been of prime importance forthe
evaluation of the breakdown characteristics of InP-based HBT's but also GaAs. It was found
that the expressions derived by the proposed approach are consistent not only over the range
of measured data but are also plausible at very large or small electric fields not covered by the
measurments. This approach yielded values with physical significance for parameters such as
the ionization threshold energy Ei, average energy loss per phonon scattered E, and mean
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free path for optical phonons A. The optimized ionization coefficient parameters, coupled
with the temperature dependence capability of Okuto and Crowell's model, can be used to
predict impact ionization coefficients over a wide range of electric fields and temperatures.
They are consequently very useful in simulating device performance, such as the avalanche
breakdown characteristics of electronic devices operating at various temperatures.

The self-aligned technology reported earlier for InP and GaAs-based HBT's has been
employed for the fabrication of HBT's with conventional and p--n collectors. fT values of
34.9 GHz have been demonstrated experimentally using the p-n collector design. This is
the first demonstration of experimental characteristics using a special collector of this type
which permits a good speed-breakdown tradeoff in InP HBT's. A comparision of experimental
performance showed that the p--n collector HBT's outperform indeed conventional designs
in terms of speed-breakdown as predicted by the theoretical analysis.

PUBLICATIONS:

1. M. N. Tutt, D. Pavlidis and H-F. Chau, "1/f Noise Characteristics of InP/InGaAs
Heterojunction Bipolar Transistors," Proceedings of the 4th Annual InP and Related
Materials Conference, Newport, RI, pp. 364-367, April 1992. •

2. H-F. Chau, D. Pavlidis, J. Hu and K. Tomizawa, "Analysis of InP/InGaAs Single and
Double Heterostructure Bipolar Transistors for Simultaneous High Speed and High
Breakdown Operations," Proceedings of the 4th Annual InP and Related Materials
Conference, Newport, RI, pp. 410-413, April 1992. 0

3. D. Pavlidis, H-F. Chau, J. Hu and K. Tomizawa, "Evaluation of Speed-Breakdown
Trade-offs in InP/InGaAs Heterojunction Bipolar Transistors," Digest of the 16th
European Workshop on compound Semiconductor Devices and Integrated Circuits
(WOCSDICE), Ulm, German, Session E(8), May 1992.

4. J. Hu, D. Pavlidis and K. Tomizawa, "Monte Carlo Studies of the Effect of Emitter
Junction Grading on the Electron Transport in InAlAs/InGaAs Heterojunction Bipolar
Transistors," IEEE Transactions on Electron Devices, 39 No. 6, pp. 1272-1281,
June 1992.

5. H-F. Chau and D. Pavlidis, "A Physics-Based Fitting and Extrapolation Method for 0

Measured Impact Ionization Coefficients in Ill-V Semiconductors," to appear in Journal
of Applied Physics.

6. H. F. Chau, D. Pavlidis, J. Hu and K. Tomizawa, "Breakdown-Speed Considerations in
InP/InGaAs Single and Double Heterostructure Bipolar Transistors, submitted to IEEE 0
Transactions on Electron Devices.

Ph.D. STUDENTS WHO GRADUATED DURING THIS PERIOD:

Hin Fai Chau - Thesis: Technological Issues for High-Speed AlGaAs/GaAs HEMT s
and InP/InGaAs HBT's, - accepted a position with Texas Instruments, Dallas TX.
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IX. HETEROJUNCTION BIPOLAR TRANSISTORS (HBT's)

FACULTY SUPERVISOR: D. Pavlidis

GRADUATE STUDENT PARTICIPANTS:

D. Pehlke
M. Tutt

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The objectives are to investigate HBT transistor designs suitable for high frequency
operation. The theoretical understanding of the devices is supported by a transient and/or
steady-state Monte-Carlo approach.

WORK PERFORMED:

Monte Carlo techniques and a 1-D drift-diffusion model were used to investigate the speed
and breakdown characteristics of graded- heterojunction AIGaAs/GaAs HBT's with various
collector designs. Breakdown-speed consideration were made in view of their sensitivity to
bias conditions, doping levels and layer thicknesses. An insight to the physical mechanisms
responsible for these effects was also given with the help of base current reversal effects and
peak electric field position changes. All devices (inverted collector field), undoped collector
and launcher designs), show better speed performance than the conventional HBT. The
results however demonstrate that the use of special collectors does not always guarantee a
good speed-breakdown compromise. Although the speed and breakdown characteristics of 0
collector launcher HBT's was found to be sensitive to doping and thickness parameters, these
devices can be optimized to give the best breakdown-speed compromise among all designs.

A potentially high-bandwidth hybrid optoelectronic technique has been implemented for
obtaining small and large-signal characteristics of microwave circuits. This time-domain
technique relies on synchronous sampling. It utilizes a terahertz-bandwidth electro-optic
transducer gated by ultrashort laser pulses for microwave stimulus signal measurement, and
a synthesizer phase- locked to the laser for microwave signal generation. The measurements
have been successfully applied to the verification of the large-signal AIGaAs/GaAs HBT
characteristics at 1 GHz. The latter were determined by a harmonic balance analysis method
and equivalent circuit element extraction using physical model constraints. This method 0
provides HBT power characteristics and time-domain waveforms for various input powers.
The power and time-domain results of the model agree very well with the measurements in
both the linear and saturated power regions. Thus, the validity of the large-signal analysis is
established in terms of amplitude as well as phase characteristics.

Work is in progress to extend the bandwidth of the reported measurement system
to exploit the hybrid optoelectronic technique's full potential, and to apply it to more
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complicated circuits. Possible sensitivity improvements of the electro-optic transducer are
being investigated to extend the measurement noise floor to lower limits.

A formalism has been developed for direct calculation of the HBT equivalent circuit from
measured S-parameters without test structure characterization and a minimum of numerical
fitting. This approach can serve as a useful tool toward optimization of process technologies
and HBT high-speed performance, revealing the factors that limit device performance and
allowing direct insight into the HBT device physics. It was applied very successfully to
AIGaAs/GaAs HBT's providing exact information on the various equivalent circuit parameters
of the transistors. Various bias and frequency dependent trends of the devices were confirmed
and a separation between transit time and RC-time constant effects allowed a better insight
to the factor limiting the HBT performance.

The IMD3 performance of AIGaAs/GaAs HBT's was studied using a generalized Volterra
Series approach, which allows device analysis under variable second harmonic load conditions.
The mechanisms dominating IMD3 are determined by the nonlinear current entering the base
junction. Cj, is the strongest non-linearity of the device. Cb, is the most important element
contributing in IMD3. Its interaction with the rest of the elements either improves IMD3 (in
the presence for example of Cb, - gm third order currents) or degrades it (i.e. in the presence
of Cj, + gi, + Cb, currents). IMD3 can be optimized by selecting the load at the second
harmonic at the point where the total base and collector nonlinear current are close to their
minimum, i.e. close to open load conditions (Gl,DC,ph = 3.14 Rad).

The £(f) of a AIGaAs/GaAs HBT DRO has been measured as a function of bias and
low frequency base termination. Best £(f) obtained was -124dBc/Hz at a 100kHz offset at
VCE = 5V, Ic = 50mA, and a short circuit base termination. The phase noise decreased by
as much as 7dB (at a 10kHz offset frequency) by increasing Ic, from 20mA to 50mA, due
to a reduction k',M, £(f) also decreased by as much as 7dB (at a 10kHz offset) with the
use of a short circuit base termination due to shunting the input noise of the transistor. The
low frequency collector noise spectra. Sic(f), was measured as a function of Ic and base
termination. Sic(f) increased with Ic over most of the measurement band, which is opposite
to that observed for £(f). In addition, Sic(f) increased with Rb,, which is consistent with
what is observed £(f). Stc(f) of the HBT did not follow an ideal 1/f dependence under
any condition due to traps. The measured K',M of the oscillator is constant with offset
frequency and decreases with Ic. This decrease in K'FM with bias is consistent with what
is observed X(f). It is possible to approximate X(f) using K'M and the transistor noise.
Agreement to within 3dB between measured and calculated £(f) has been obtained in most
test cases. However, under some conditions other mechanisms (possibly PM-PM conversion)
play a significant role, d.C(f)/df is found to increase with increasing offset frequency, in a
manner corresponding to the frequency dependence of the low frequency noise of the HBT.

PUBLICATIONS:

1. M. Y. Frankel and D. Pavlidis, "An Analysis of the Large-signal Characteristics of
AIGaAs/GaAs Heterojunction Bipolar Transistors, Microwave Theory and Techniques,
40, No. 3, pp. 465-474, March 1992.
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2. M. Tutt, D. Pavlidis, A. Khatibzadeh and B. Bayraktaroglu, "Investigation of HBT
Oscillator Noise Through 1/f Noise and Noise Upconversion Studies," IEEE MTT-S
International Microwave Symposium Digest, Albuquerque, NM, pp. 727-730, June
1992.

3. D. R. Pehlke and D. Pavlidis, "Direct Calculation of the HBT Equivalent Circuit From
Measured S-Parameters," IEEE MTT-S International Microwave Symposium Digest,
Albuquerque, NM, pp. 735-738, June 1992.

4. A. Samelis and D. Pavlidis, "Analysis of Third Order Intermodulation Distortion
Mechanisms in AIGaAs/GaAs Heterojunction Bipolar Transistors," IEEE MTT-S
International Microwave Symposium Digest, Albuquerque, NM, pp. 1587-1590, June
1992. 0

5. M. Y. Frankel, D. Pavlidis and G. A. Mourou, "A Study and Optoelectronic Verification
of AIGaAs/GaAs Heterojunction Bipolar Transistor Large-Signal Characteristics,"
submitted to IEEE Journal of Quantum Electronics.

6. M. N. Tutt, D. Pavlidis, A. Khatibzadeh and B. Bayraktaroglu, "Investigation of HBT 4
Oscillator Noise Through 1/f Noise and Noise Upconversion Studies," submitted to
IEEE Transactions on Microwave Theory and Techniques Special Issues.

7. D. R. Pehlke and D. Pavlidis, "Evaluation of the Factors Determining HBT
High-Frequency Performance by Direct Analysis of S-Parameter Data," submitted to 0
IEEE Transactions on Microwave Theory and Techniques Special Issue.

8. A. Samelis and D. Pavlidis, "Mechanisms Determining Third Order Intermodulation
Distortion Mechanisms in AIGaAs/GaAs Heterojunction Bipolar Transistors," submitted
to IEEE Transactions on Microwave Theory and Techniques Special Issues.

INTERACTIONS WITH OTHER D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSI-
TIES:
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General Electric
Thomson-CSF

20
0



X. HETEROSTRUCTURE MICROWAVE MONOLITHIC INTEGRATED CIRCUITS

FACULTY SUPERVISOR: D. Pavlidis
RESEARCH SCIENTIST: G. I. Ng

GRADUATE STUDENT PARTICIPANTS:

K. Kwon
M. Tutt

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The objectives are to study the performance of Microwave Monolithic Integrated Circuits
(MMIC's) fabricated on heterostructures. The InGaAs/InAlAs system is used primarily for
these investigations. Circuit types include phase shifters, attenuators, oscillators, mixers and
amplifiers.

WORK PERFORMED:

A fully integrated monolithic oscillator and doubler chain has been successfully
implemented using submicron InAlAs/InGaAs technology. The monolithic module has on-chip
bias and integrated probes for signal radiation and operates between 130.5 and 132.8
GHz. This is the highest frequency signal generation reported out of monolithic chips using
three-terminal devices.

Large-signal HEMT modeling was used for the oscillator and doubler design. The oscillator
uses a common source HEMT configuration with a series feedback from source to ground.
The necessary condition for oscillation was provided by the microstrip interconnect lines and
stubs. The termination impedance at the drain port of the oscillator is defined by the input
impedance of the doubler state transistor and selected for optimum power output. Proper
gate width scaling was performed in the doubler transistor for this purpose and no interstage
matching was therefore necessary. Edge- coupled lines were used for interstage DC blocking
and output matching was achieved by microstrip stubs. The D-band output signal was coupled
to a waveguide using a monolithically integrated on-chip E-field probe and no bonding was
thus need on the RF side of the chip. The complete biasing circuitry together with stabilizing
resistors and capacitors was also integrated on the chip.

The circuits were fabricated using the in-house developed InP MMIC technology which is
based on a mix-and-match approach including air-bridges and sputtered Si0 2 overlay capaci-
tors. Thin film resistors for biasing and stablization were realized using 600 A- thick Titanium
layer. E-Beam lithography was employed to define 0.1/im mushroom gate lines. The total
chip size is 1.82 mm x 1 mm. For testing, the circuit was mounted in a fixture with a WR-5
waveguide and aligned for proper positioning of the E- field probe inside the waveguide. The
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conversion loss of the doubler was minimized by proper selection of the HEMT-bias and was
estimated to be of the order of 10 dB. The oscillation signal was detected over a frequency
range of 130.5 GHz to 132.8 GHz depending on the gate bias. The output power at the chip
level was dependent on the drain bias of both oscillator doubler and was of the order -10 dBm
to -13 dBm. This was in the range of the expected power level for the small 45ym gate width
devices used in the module.

PUBLICATIONS: •

1. Y. Kwon, D. Pavlidis, P. Marsh, G. I. Ng and T. Brock, "W-Band Monolithic Balanced
Mixer Using InP-Based Heterostructure Diodes," Proceedings of the MMIC Space and
Ground Appiications Symposium pp. 83-991, April 1992.

2. Y. Kwon, D. Pavlidis, P. Marsh and G. I. Ng, "Experimental C.haracteristics and
Performance Analysis of Monolithic InP-Based HEMT Mixers at W-Band," to appear
in IEEE Transactions on Microwave Theory and Techniques.

3. Y. Kwon, D. Pavlidis, P. Mash, G. I. Ng, T. Brock, G. 0. Munns and G. I. Haddad, "A
Fully Integrated Monolithic D-band Oscillator-Doubler Chain Using InP-Based HEMTs,"
to be presented at the 1992 IEEE GaAs IC Symposium.

4. Y. Kwon, D. Pavlidis, P. Marsh, G. I. Ng and T. Brock, "A Planar Heterostructure
Diode W-band Mixer Using Monolithic Balanced Integrated Approach on InP," to be
presented at the 1992 GaAs IC Symposium. 0

Publications pertinent to the work by the the Center:

Y. Kwon and D. Pavlidis, "A Study of Subterahertz HEMT Monolithic Oscillators," To
appear in the Proceedings of the 3rd International Symposium on Space Terahertz Technology, 0
March 1992.

INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

COMSAT •
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PICOGIGA
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XI. GROWTH OF HIGH-QUALITY MBE LAYERS FOR CHARACTERIZATION AND
HIGH-SPEED DEVICE APPLICATIONS

FACULTY SUPERVISOR: P. Bhattacharya
RESEARCH SCIENTIST: W-Q. Li

0 GRADUATE STUDENT PARTICIPANT:

S. Gupta

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

To grow high-quality heterostructures and quantum wells with precise control on thickness
and doping for devices such as HEMT's, resonant tunneling structures, photodetectors and
integrated devices of QW structures for optical spectroscopy. Investigation of electronic
transport properties, recombination lifetimes and electro-optic properties of quantum wells.
Investigation of electron and hole avalanche processes in coherently strained In"Gaj_,As
(0.2 < x < 0.8) thin layers. Growth and characterization of high reflectivity AlAs/GaAs
distributed Bragg reflectors (DBR) for surface emitting lasers. Understanding of growth of
semiconductors at low substrate temperatures.

WORK PERFORMED:

GaAs and InP-based lattice matched single layers and quantum wells with one of the
narrowest photoluminescence linewidths have been grown. Some typical linewidth values
for 100A uncoupled wells are: 0.2 meV for GaAs/AIGaAs SQW and 1.0 meV for 100 period
GaAs/AIGaAs MQW 3.5 meV for Ino. 53Gao.47As/Ino. 52AI0 .48As SQW and 5.7 meV for 20 period
Ino.53Gao. 47As/Ino.5 2AI0 .48As MQW; and 1-2 meV in Ino. 15Gao.s 5As/GaAs pseudomorphic SQW
and MQW. In single layer Ino. 53Gao.47As on InP, 10K PL linewidths as low as 1.4 meV have
been measured. These linewidths confirm the perfection of the materials and heterointerfaces.

Resonant tunneling diodes and transistor structures have been realized with GaAs
and InP-based lattice-matched and pseudomorphic heterostructures. Some of the highest
peak-to-valley ratios (PVR) have been measured in the resonant tunneling diodes made with
these heterostructures. PVRs measured in lattice- matched Ino.s3Gao.47As/Ino.52AI0.48As/InP
RT diodes are 6.1 and 21.6 at 300K and 77K, respectively. In pseudomorphic
In0.s3Gao.4 7As/AIAs RT diodes, PVRs as high as 24 and 52 at 300K and 77K have
been measured. Resonant tunneling transistors are currently being fabricated with these
heterostructures.

Combination of in-situ RHEED measurements and ex-situ reflectance and STM
measurements conclusively show that the normal growth mode for the epitaxy of InGaAs on
GaAs with misfits > 1.5% is three dimensional. The results agree with theoretical predictions.
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This growth mode has been exploited to realize in-situ lower dimension quantum confined
structures such as quantum boxes.

Growth of Sb-bearing alloys with very high room-temperature mobilities on InP has been
done. These materials also show high mobilities at cryogenic temperatures- a first with MBE.
For example p -,, 70,000 cm 2/V.sec at 300K and 110,000 cm2 /V.sec at 77K in InSb. Similar
results are obtained in InAsSb on InP substrates. InAs/InAlSb MQW for a novel far-infrared
detector has also been realized.

A!GaAs/GaAs and InAlAs/InP have been grown at temperatures as low as 150 0C. These
materials have photoconduction response times - 400 fs and will be extremely important
for high-speed switches and detectors and as a buffer layer for several electronic and optical
devices.

Pseudomorphic In.Ga1__.As/Ino.52AIo.48As modulaton-doped heterostructures with 0.53 <
x < 0.85 have been grown with extremely high mobilities at 300K and lower temperatures.
Sheet carrier concentrations as high as 5 x 1012 cm- 12 have been measured in the 2-DEG.
Analysis of the results give us an idea of the growth modes and roughness in the growth front.
1-pm and 0.25 pm gate MODFETs made with these heterostructures show state-of-art DC
and microwave performance. Techniques such as migration enhanced epitaxy (MEE) will be
used to further improve the quality of these heterostructures. 0

As- grown and regrown heterostructures have been developed for integrated
opto-electronics. In particular, InP-based heterostructures have been developed for front-end
photoreceivers consisting of a high-speed detector and a MODFET amplifier.

We have investigated the characteristics and reproducibility of Si- doped p-type (311)A
GaAs layers for application to heterojunction bipolar transistors grown by molecular beam
epitaxy. We have obtained p = 2.2 x 1019 cm- 3 in a layer grown at 670'C. Raman scattering
spectroscopy shows that Si atoms predominantly incorporate into As-sublattice sites under the
specified growth conditions. We have used all-Si doping to grown n- p-n transistors. These
devices exhibit excellent d.c. characteristics with f = 240 in a device with base doping of p
= 4 x 1018 cm- 3.

We have designed lateral structures with thin coherently strained InGaAs regions for carrier
multiplication to characterize electron and hole impact ionization processes. The devices
consist of 150 Aln.Gal_.,As (0.2 < x < 0.8) QW's grown on 5.1. InP substrates. Lateral
pn junctions were obtained by either selective ion implantation or diffusion of Zn (p) and
GeAu (n). It is seen that both a(E) and P9(E) are very sensitive to the amount of strain.
The measured value of a/fl varies from 0.2-0.5, in contrast to a/ ,, 1 in most bulk III-V
semiconductors. The results agree very well with theoretical calculation which includes effects
of two-dimensional confinement and scattering. This is the first direct measurements of a(E)
and 3(E) in coherently str-ned InGaAs system.

To realize vertical cavity surface emitting lasers (VCSEL), it is necessary to grow high
quality DBR with reflectivity over 99% in lasing wavelength. We have successfully grown
18.5 period A/4 AlAs/GaAs DBR with measured reflectivity - 100% at designed spectrum
region. This lays the foundation for growing high performance VCSEL with monolithic DBR.

We have initiated work to study the optical nonlinearity in strained symmetric and
asymmetric InGaAs/AIGaAs QW's grown on (111)B GaAs. The built-in piezoelectric fields
remove the inversion symmetry in QW's and lead to large X(2) (SHG). This will have many
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applications in optical modulators and lasers. This work is being continued.
An all-optical time-of-flight technique is used for measuring perpendicular carrier transport

in multiquantum wells (MQWs). This technique is based on measuring a change in
surface reflectance due to the absorption non-linearities induced by the carriers, and has
a temporal resolution of - 1 ps. Typical results on GaAs/AIGal-..As MQW and an
Ino. 53Gao.47As/Ino.5 2Al0 .48As MQW are compared. The observed fast transport times can
only be explained by a field-dependent carrier emission out of the quantum well, after
which transport through the continuum states can occur. Due to larger barriers in the
Ino.53 Gao.4 7As/Ino.5 2 AIo. 48As system, this intrinsic limit to transport is much larger, and hence

these devices are observed to be slower than their GaAs/AI 1Gal_,As counterparts.
A systematic study of structural quality and arsenic content of as- grown Ino.52Gao.48As/InP

layers deposited InP by molecular beam epitaxy at temperatures between 150°C aid 4500 C
was performed using transmission electron microscopy and particle-induced X-ra', emission.
We found that the amount of As incorporated in the layers generally increases wit!i decreasing
growth temperature, with the crystalline quality of the layers being good at growth temper-
atures higher than 200oC. At 150°C, a large density of pyramidal defects is formed, the
defects are related to the very large amount of excess As incorporated into the layer. At
200'C, however, the amount of excess As is lower than expected, and wavy streaks of diffuse
scattering are seen in electron diffraction. It is shown that small ordered domains of the CuPt
type on the group III atoms are responsible for these features.

PUBLICATIONS:

1. J. Pamulapati, P. K. Bhattacharya, R. L. Tober, J. P. Loehr and J. Singh,
"Characterization of High-Quality Pseudomorphic InGaAs/GaAs Quantum Wells by
Luminescence and Reflectance Techniques, Journal of Applied Physics, 71, 4487
(1992).

2. R. L. Tober, W-Q. Li and P. K. Bhattacharya "Differential Photocurrent Spectroscopy:
A Novel Technique for Semiconductor Characterization," Journal of Applied Physics,
71, 3506 (1992).

3. S. Gupta, L. Davis and P. K. Bhattacharya, "Optical Time-of-Flight Measurement of
Carrier Transport in GaAs/AIGaAs and Ino. 53 Gao.4 7As/ Ino. 52 AI0 .48 As Multi-Quantum
Wells," Applied Physics Letters, 60, 1456 (1992).

4. A. Claveri, K. M. Wu, W. Swider, Z. Liliental-Weber, P. K. Bhattacharya, J. Pamulapati,
M. O'Keefe and R. Kilaas, "Structural Characterization of Low-Temperature MBE
InO.52AIo.48As/InP Heterolayers," Applied Physics Letters, 60, 989 (1992).

5. S. Kwok, R. Merlin, W-Q Li and P. Bhattacharya, "Raman Scattering from
Heavily-Doped (311) GaAs: Si Grown by Molecular Beam Epitaxy," accepted for
publication Journal of Applied Physics.

6. W-Q. Li, P. Bhattacharya, S. Swok and R. Merlin, "Molecular Beam Epitaxial Growth
Characterization of Si-doped AIGaAs and GaAs on (311)A GaAs Substrates and Their
Device Applications, submitted to Journal of Applied Physics.
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7. R. Tober, T. Bahder, W-Q. Li and P. Bhattacharya, "Optically Induced Energy Shifts
of Excitonic Resonances in Single [111]B and [1001 InGaAs Quantum Wells," presented
at the Electronics Materials Conference, Cambridge, MA, June 1992.

Ph.D. STUDENTS WHO GRADUATED DURING THIS PERIOD:

Dr. S. Gupta - Ultrafast Science Laboratory, University of Michigan

INTERACTIONS WITH ARMY LABORATORIES

Harry Diamond Laboratories
ETDL, Fort Monmouth
M. Stroscio, Army Research Office

INTERACTIONS VvITH OTHER D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSI-
TIES:

IBM Yorktown heights Bellcore
Boeing Electronics Hewlett-Packard Laboratories
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XI1. GROWTH, FABRICATION AND UNDERSTANDING OF 1-pm AND SUBMICRON
InGaAs/InAIAs AND InGaAs/AIGaAs MODFET's AND BIPOLAR DEVICES

FACULTY SUPERVISOR: P. Bhattacharya
RESEARCH SCIENTISTS: W-Q. Li

T. Brock

GRADUATE STUDENT PARTICIPANT:

D. Yang

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

MBE and migration enhanced epitaxy (MEE) growth and development of high-speed
and high-frequency MODFET amplifiers and oscillators for microwave and millimeter wave

application. Development of FETs bipolar transistors and resonant tunneling modulators using
low- bandgap strained semiconductors. Development of high-quality transistors on patterned
substrates and higher index planes.

WORK PERFORMED:

We have investigated analytically and experimentally the performance characteristics
of InP-based InGa..-As/In0.52AIo. 4s (0.53 < x < 0.70) pseudomorphic modulation doped
field-effect transistor (MODFETs) as a function of strain in the channel, gate-length and
the temperature. The strain in the channel was varied by varying the In composition
x. The temperature was varied in the range of 40-300 K and the device have gate
lengths, L9 , of 0.8pm and 0.2pm and 0.1prm. Analysis of the devices was done using
a one-dimensional self-consistent solution of the Poisson and Schr6dinger equations in the
channel, a two-dimensional Poisson solver to obtain the channel electrical field and Monte
Carlo simulation to estimate the carrier transit times in the channel. An increase in the value
of the cutoff frequency is predicted for an increase in In composition, a decrease in temperature
and a decrease in gate- length. The improvement seen with decreasing temperature is smaller
as the In composition is increased in the channel. Also, the improvement seen with decreasing
temperature is smaller with decreasing gate length. It is also seen that under far certain values
of misfit, use of the MEE growth technique improves device performance.

We have measured and analyzed the performance characteristics of 0.1pm gate
InAs/Ino. 52AI0.4 8As/InP MODFETs grown by molecular beam epitaxy. The transistors are
characterized by measured gmn(max) = 840 mS/mm, fT = 128 GHz and a very high current
carrying capability, e.g. Idas = 934 mA/mm at V.a = 0.4 V. This is the first report on the
microwave characteristics of an InAs channel MODFET and establishes the superiority of this
heterostructure system.
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We have also investigated MBE growth characteristics on higher-index plane substrate
orientations and on higher-index facets created by etching. By using non-uniform atom mi-
gration on these planes, we have demonstrated higher breakdown voltages in FETs delineated
on the facets. Using the incorporation behavior of Si on these higher index planes, we have
successfully demonstrated n-p-n HBT's with all-silicon doping.

PUBLICATIONS:

1. W-Q. Li and P. K. Bhattacharya, "Molecular Beam Epitaxial GaAs/AIGaAs
Heterojunction Bipolar Transistor on (311)A GaAs Substrates with All-Silicon Doping,"
IEEE Electron Device Letters 13(1), 29 (1992).

2. D. Yang, Y. Chen, T. Brock and P. Bhattacharya, "D.C. and Microwave Performance -
of a 0.1 mm Gate InAs/ino.52 AIo. 48As MODFET," IEEE Electron Devices Letters, 13
250 (1992).

3. R. Lai, P. Bhattacharya, D. Yang, T. Brock, S. Alterovitz and A. Downey,
"Characteristics of 0.8 mm and 0.2 mm Gate Length In.Gal-..As/ Ino.52AIo.48As/InP
(0.53 < x < 0.70) Modulation-Doped field Effect Transistors at Cryogenic
Temperatures," accepted for publication in IEEE Transactions on Electron Devices.

INTERACTIONS WITH ARMY LABORATORIES:

Harry Diamond Laboratories
ETDL, Fort Monmouth

INTERACTIONS WITH OTHER D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSI-
TIES:

Hughes Research Labatories IBM Yorktown Heights
Bellcore TRW
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XIII. VERY-HIGH SPEED DETECTORS, MODULATORS AND MONOLITHICALLY
INTEGRATED DEVICES

FACULTY SUPERVISOR: P. Bhattacharya
RESEARCH SCIENTIST: W-Q. Li

GRADUATE STUDENT PARTICIPANT:

A. Gutierrez-Aitken

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:
To develop new materials, physical understanding and device structures for very high speed

detectors, modulators, monolithically integrated photoreceivers and externally modulated
quantum well lasers.

WORK PERFORMED:

By analyzing the intrinsic and extrinsic limitations on the bandwidth of p-i-n detectors and
modulators, we have grown and characterized high-speed detectors, phase shifters and QCSE
modulators. This has included the study of monolithically integrated balanced detectors for
low-noise applications. Development of monolithically integrated photoreceivers using PIN
diodes, MODFET amplifiers and passive circuit elements has been undertaken in several
stages. Very high circuit bandwidths have been realized (-.16 GHz) using 0.25pm gate
MODFETs and epitaxial regrowth. Development of a three-stage transimpedance PINFET
amplifier is in progress. Superlattice avalanche photodiodes have been studied for low-noise
applications. Electro-optic coefficients in InP-based strained quantum wells have been mea-
sured for the first time. A large enhancement in the quadratic electro-optic effect has been
observed. Electro-optic phase shifters, passive waveguides and QCSE modulators made
with these devices have been characterized. Such modulations have been monolithically
integrated with quantum well lasers. Oscillator circuits have been made with 0.25/pm gate
InP-based pseudomorphic MODFETs and their properties under optical excitation have been
investigated. The ultimate aim is to use these integrated circuits as elements of phased away
radars.

INTERACTIONS WITH ARMY LABORATORIES:

M. Tobin, Harry Diamond Laboratories.
R. Tober, Harry Diamond Laboratories
Huntsville, Alabama
M. Stroscio, Army Research Office
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INTERACTIONS WITH OTHER D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSI-
TIES:

Boeing Electronics
Hewlett-Packard Labatories
Bellcore
University of Florida
University of South Florida
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XIV. CHEMICAL BEAM EPITAXY: HETEROSTRUCTURE GROWTH AND
CHARACTERIZATION

FACULTY SUPERVISORS: G. I. Haddad
P. K. Bhattacharya

RESEARCH ENGINEER: G. Munns

GRADUATE STUDENT PARTICIPANTS:

D. Nichols
W. L. Chen
G. Munns

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The objective of this program was to provide a wide variety of epitaxial structures using
a variety of material systems for device fabrication and testing. Samples were also to be
provided for basic materials research. Because chemical beam epitaxy offers unique capabilities
in handling phosphorus containing compounds while potentially offering excellent interface
control, structures which exploited these advantages of CBE were to be of primary interest.
The following procedure was used to accomplish this goal.

1. Bulk material characteristics were optimized and the growth process was empirically
modeled. both phosphorus containing alloys (such as InP, InAIP, InGaAsP, and InGaP)
and lattice matched arsenic containing alloys (such as GaAs, InAlAs, and InGaAs)
were evaluated for surface morphology, uniformity, Hall mobility and background carrier
concentration and species, photoluminescence efficiency and half width, lattice match,
and crystallinity. advanced design of experiment techniques and statistical process
control modeling were used to minimize the number of experiments necessary while
maximizing the amount of empirical growth process information obtained.

2. Optimized bulk material was subsequently doped both n and p type in order to evaluate
the suitability of solid sources, determine attainable ranges, and study such effects as
diffusion and adatom surface segregation. Secondary ion mass spectroscopy was used
to determine diffusion of delta doped Si planes.

3. Heterointerface abruptness, a weakness in growth techniques such as MOCVD,
was investigated using a variety of techniques including spectroscopic ellipsometry,
photoluminescence spectroscopy, double crystal x-ray diffraction analysis, secondary
ion mass spectroscopy, and Hall techniques.
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4. Both optical and electrical device results were correlated with the basic material
characterization outlined above, such devices as strained InGaAs(P) lasers,
InGaAs/InAlAs and InP/InAtAs high electron mobility transistors, InGaAs/InP and
InGaAs/InGaAs/InAlAs heterojunction bipolar transistors, and resonant tunneling
transistors which critically depend on smooth, abrupt interfaces were studied. Gunn
diodes TUNNETT's, and IMPATT's which are very sensitive to low doping levels were
also investigated.

WORK PERFORMED:

The work performed during this period is outlined above. For perspective a short
chronological description is offered. The system was first brought on line in May of 1989
as a metal organic MBE system (i.e. metalorganic group III sources with solid As). Hydride 0
installation was completed one year later. Since its commission as a true CBE system it
has grown approximately 700 layers of which nearly 600 were grown consecutively without
vacuum interruption. This is one of the longest continuous vacuum system uptime reports
in print. Of the layers grown approximately half of them were used as calibration/parameter
characterization samples with the balance being delivered for specific experiments. 0

While device results and basic material characteristics are outlined above, much of the
material was used for wet chemical and dry etching studies, to establish etch rates and
determine selectivities. It is/was the primary source of heterostructures for these purposes. In
its three years of service it has been the direct source for approximately 20 refereed papers with
the bulk of these being published in the last two years. Many other technical presentations
and papers also benefited from the foundation provided by the CBE system.

PUBLICATIONS:

1. M. E. Sherwin, D. T. Nichols, G. 0. Munns, E. G. Woelk, F. L. Terry, P. K.
Bhattacharya and G. I. Haddad, "The Growth of high Quality InP/InGaAs/InGaAsP
Interfaces by CBE for SCH Quantum Well Lasers," accepted for publication in Journal
of Electronic Materials.

2. D. Nichols, M. Sherwin, G. Munns, J. Pamulpati, J. Loehr, J. Singh and P.
Bhattacharya, "Theoretical and Experimental Studies of the Effects of Compressive
and Tensile Strain on the Performance of InP/InGaAs Multi Quantum Well Lasers,
IEEE Journal of Quantum Electronics, 28, 1239, (1992).

3. M. E. Sherwin and G. 0. Munns. "CBE Growth of High Quality InAlAs Using TMMA,"
Journal of Vacuum Science Technology, B, 10, 943, (1992).

4. M. E. Sherwin, G. 0. Munns, D. T. Nichols, P. K. Bhattacharya ad F. L. Terry, Jr.,
"The Growth of InGaAsP by CBE for SCH Quantum Well Lasers Operating at 1.55 and
1.4 pm," accepted for publication in Journal of Crystal Growth. •
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5. G. 0. Munns, M. E. Sherwin, T. Brock, G. I. Haddad, Y. K. Kwon, G. I. Ng and
D. Pavlidis, "lnAlAs/InGaAs/InP Sub-micron HEMT's Grown by CBE," accepted for
publication in Journal of Crystal Growth.

6. Y. Kwon, T. Brock, G. I. Ng, D. Pavlidis, G. 0. Munns, M. E. Sherwin and G. I. Haddad,
"Novel Self-Aligned Offset G-Gate InAlAs/InGaAs HEMT's Grown by Chemical Beam
Epitaxy," accepted for presentation at GaAs IC Symposium.

7. C. Raman, J. P. Sun, WI. L. Chen, G. 0. Munns, J. East and G. I. Haddad, "Supperlatice
Barrier Varactors," Third International Symposium on Space Terahertz Technology, Ann
Arbor, MI, March 1992.

8. M. E. Sherwin, F. L. Terry, Jr., G. 0. Munns, J. S. Herman, E. G. Woelk, and G.
I. Haddad, "Investigation and Optimization of InGaAs/InP Heterointerfaces Grown by
Chemical Beam Epitaxy Using Spectroscopic Ellipsometry and Photoluminescence,"
Journal of Electrical Materials, 21, 269, (1992).

9. G. 0. Munns, W. L. Chen, M. E. Sherwin and G. I. Haddad, "The Growth of InAIP
Using Trimethl amine alane by Chemical Beam Epitaxy," to be presented at the Seventh
International Conference on Molecular Beam Epitaxy, August 1992.

10. .G. 0. Munns, M. E. Sherwin, Y. Kwon, T. Brock, W. L. Chen, D. Pavlidis and
G. I. Haddad, "Parametric Investigation of InGaAs/InAlAs HEMT's Brown by CBE,"
accepted for a poster presentation at the Seventh International Conference on Molecular
Beam Epitaxy, August 1992.

11. W. L. Chen, G. 0. Munns, J. C. Cowles, K. W. Eisenbeiser, J. R. East and G. I.
Haddad, "Ohmic Contacts Study for Quantum Effect Transistors and Heterojunction
Bipolar Transistors with InGaAs Contact Layers, submitted to 1992 EDMS, Tiawan.

12. Y. Kwon, D. Pavlidis, P. Marsh, G. I. Ng, T. Brock, G. Munns and G. I. Haddad, "A Fully
Integrated Monolithic D-band Oscillator-Doubles Chain Using InP-Based HEMT's,"
submitted to GaAs IC Symposium, October 1992.

13. Y. Kwon, T. Brock, G. I. Ng, D. Pavlidis, G. 0. Munns, M. E. Sherwin, and G. I. Haddad,
"Fmax-Enhancement in CBE-Grown InAIAs/InGaAs HEMT's Using Novel Self-Aligned
Offset-Gate Technology," presented at the InP and Related Materials Conference, Rhode
Island, 1992.

14. M. E. Sherwin, G. 0. Munns and F. L. Terry, Jr., "Uniformly Doped and Delta Doped
InAlAs/InP HEMT Structures Grown by Chemical Beam Epitaxy," to be submitted to
Applied Physics Letters.
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INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

Formal and informal discussion have been held with:

AT&T, Murray Hill Dr. C. Abernathy
Dr. R. Fischer

Hewlett-Packard Dr. D. Hong 0
Sandia Laboratories Dr. T. Drummond

Dr. J. Klem
Varian/Intevac J. Cerny

Dr. P. McCleod
Univ. of California (San Diego) Dr. C. Tu and graduate students 0
University of Illinois S. Jackson
McDonnell Douglas Dr. C. Balestra

Dr. S. Whiteley
G. Conger

Ecole Polytechnique, Lausannne Switz. Dr. A. Rudra 0
Dr. R. Houdre

Air Products (metalorganic division) S. Stork
NTT Dr. T. Yamada
Texas Instruments Dr. T. Henderson
Ball Aerospace Dr. D. Begley 0

A significant portion of the laser work was also supported by cooperation with Boeing
(Dr. Figueroa), Hewlett Packard (Dr. M. Ludowise), and Allied Signal (Dr. Fhattimulla).
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XV. DIGITAL ETCHING FOR DEVICE FABRICATION WITH HIGH SELECTIVITY AND
LOW DAMAGE

FACULTY SUPERVISOR: S. W. Pang

GRADUATE STUDENT PARTICIPANT:

K. K. Ko

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The objective of our work is to develop a hgihly controllable layer by layer dry etching
technique (digital etching) for the fabrication of high frequency devices with nanometer
dimensions. Digital etching is expected to provide atomic controllability, high selectivity, and
minimum surface damage, which are important for heterostructure devices. High resolution
lithography and dry etching techniques will be applied to the fabrication of semiconductor
waveguides with quantum wire and dot structures.

WORK PERFORMED:

The etch characteristics of GaAs, InP, InGaAs, and AIGaAs in a plasma reactor with an
electron cyclotron resonance (ECR) source have been studied as a function of microwave
power, rf power, gas composition, pressure, temperature, and distance to the ECR source.
Using C12/Ar ;mixture with low microwave power, low pressure and low CL2 concentration,
quantum dots and wires that are 0.1 pm wide and 1 pm deep have ben successfully fabricated
with vertical profile and smooth morphology. Etch rate is found to increase with microwave
power when etching is limited by the reactive radicals concentrations and decreases with
microwave power when the ion and surface morphology are improved by the addition of rf
power. In contrast to RIE, a slight increase in IVdcl with pressure is observed due to the
presence of high densities charged particles. At high temperature, InP can be etched as a
comparable rate as GaAs because of the increased volatility of InCI3 , although the etch profile
and surface morphology tend to deteriorate. Semiconductor waveguides with 30 nm wide
quantum dots and wires have also been demonstrated using a combination of electron beam
lithography and dry etching with the ECR source.

PUBLICATIONS:

1. S. W. Pang, "Processing of Materials," editor, J. Electronic Materials, January (1992).

2. S. W. Pang, K. T. Sung, and K. K. Ko, "Etching of Photoresist Using Oxygen
Plasma Generated by a Multipolar Electron Cyclotron Resonance Source," accepted
for publication J. Vac. Sci. Technol. B.
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3. S. W. Pang and K. K. Ko, "Comparison Between Etching in Cl2 and BCI3 for Compound
Semiconductors Using Multipolar Electron Cyclotron Resonance Source". Presented at
the International Symposium on Electron Ion, and Photo Beams, Orlando, FL, May 0
1992. (submitted for publication to J. Vac. Sci. and Technol.).

4. K. T. Sung, W-Q. Li, S. W. Pang and P. K. Bhattacharya, "Application of High Quality
Si0 2 Grown by Multipolar ECR source to SI/SiGe Modulation Doped FET," submitted
for publication to IEEE Electron Dev. Lett. 0

5. K. K. Ko, L. Davis, W-Q Li, S. W. Pang, J. Singh and P. K. Bhattacharya, "Effects of
Processing Induced Fluctuations on the Optical Properties of InGaAs/AIGaAs Quantum
Boxes Created by Dry Etching and Epitaxial Regrowth," accepted for presentation at the
19th International Symposium on Gallium Arsenide and Related Compounds, Nagano, 0
Japan, September 1992.

RELATED PUBLICATIONS:

"* K. T. Sung and S. W. Pang, "Low Temperature Silicon Oxidation with Electron
Cyclotron Resonance Oxygen Plasma," Material Research Society Symposium, 0
Proceedings on "Photon and Low Energy Particles in Surface Processing," Boston,
MA, 236, 319-324, (1991).

"* M. L. Passow, J. T. Pender, M. L. Brake, K. T. Sung, Y. Liu, S. W. Pan, and M. E. Elta,
"Relative Fluorine Concentration in rf and Electron Cyclotron Resonance Microwave/rf 0
Hybrid Glow Discharges," Appl. Phys. Lett., 60, 818-820, (1992).

"* K. T. Sung and S. W. Pang, "Low Temperature Silicon Oxidation with Oxygen Plasma
Generated by an Electron Cyclotron Resonance Source," submitted to J. Vac. Sci.
Technol.. 0

" K. T. Sung and S. W. Pang, "Selective Etching of Bilayer Photoresist using Multipolar
Electron Cyclotron Resonance Source". Presented at the Electrochemical Society
9th Symposium on Plasma Processing, St. Louis, MO, May 1992. (submitted for
publication to J. Electrochem. Soc.)

" K. T. Sung, J. P. Fournier and S. W. Pang, "Low Temperature Etching of Si with Cl2
using an Electron Cyclotron Resonance Source," submitted to 39th National Symposium
of the American Vacuum Society, Chicago, IL, November 1992.

" K. T. Sung and S. W. Pang, "High Quality Si0 2 Grown at Room Temperature using 0
Oxygen Plasma Generated by a Multipolar Electron Cyclotron Resonance Source,"
submitted to the 1992 International Electron Device and Materials Symposium..

INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

e Collaborative work with Mark Horn at Lincoln Laboratory, Massachusetts Institute of 0
Technology for high resolution dry etching of resist and semiconductors.
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"* Visit with Professor Jes Asmussem and seminar presentation at Michigan State
University.

"* Joint development work with Plasma Therm Inc. on new dry etch system with ECR
source.

"* Visit Professor Otto Leistiko and seminar presentation at Technical University of
* Denmark.
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XVI. RIE FOR III-V DEVICE STRUCTURES

FACULTY SUPERVISOR: M. Elta 0
RESEARCH SCIENTISTS: H. S. Folger

J. Fournier

GRADUATE STUDENT PARTICIPANT:

A. Demos

PERIOD: January 1, 1986 -June 30, 1992

TASK OBJECTIVES:

To develop new etch techniques for IIl-V compounds and gain insight into the etching
mechanisms of these compounds.

WORK PERFORMED:

During this period, a kinetic mechanism and model for the RIE of InP in a chlorine plasma
was developed. This mechanism contains the formation of indium and phosphorous chlorides
with the removal of indium chloride as the rate limiting step. The surface model developed is
based on the elementary reaction steps (absorption, surface reaction and thermal and sputter
desorption). Both physical and chemical mechanisms were combined in mass balances in the
model which predicts chlorine surface coverage, etched film stoichiometry and the fraction
of the reaction layer sputtered. A paper of this kinetic mechanism and model is being written.

PUBLICATIONS:

1. A. Demos, H. S. Fogler, and M. Elta, "X-Ray Photoelectron (XPS) Study of InP RIE
etched with BC1 3 and Argon," submitted for publication to Journal of Vacuum Science
and Technology B.

2. A. Demos, H. S. Fogler, J. Fournier and M. Elta, "High Temperature Kinetic Study of
InP RIE Etched with BC13 , Argon and Oxygen," submitted for publication to Journal
of the Electrochemical Society.

0
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XVII. ELLIPSOMETRY FOR NONDESTRUCTIVE CHARACTERIZATION OF Ill-V
STRUCTURES

FACULTY SUPERVISOR: F. Terry

GRADUATE STUDENT PARTICIPANT:

L. Kamlet

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The major objectives of this work are: (1) routine characterization of the thicknesses and
index of refraction of epitaxial heterojunction layers and related thin films; and (2) research
in the use of ellipsometry for characterization of bulk film and interface quality.

WORK PERFORMED:

The major early work under this project was the development of a highly flexible software
system for the analysis of spectroscopic ellipsometry data. This program has also been
used in modified forms for the analysis of other reflection problems. Use of highly modular
programming techniques, linked-list data data structures, and pointer-based data transfers
have allowed this code to operate efficiently and has also allowed rapid addition of new
models for material dielectric behavior to be added as they are developed with very minimal
amounts of reprogramming time. Simplified versions of this software for single wavelength
ellipsometry have been incorporated into our laboratory classes and have been supplied to
industrial users (Allied Signal).

The most serious problems in the application of spectroscopic ellipsometry to practical
measurement problems in the III-V compound semiconductor area (and, in fact, in most
applications areas) are: (1) obtaining reference data sets for the materials used in the
structures to be analyzed; and (2) accurately interpolating between the dielectric spectra of
known compound compositions to estimate the response of intermediate compositions. While
the dielectric response of many compounds have been well characterized and published, very
many commonly used materials have not been studied adequately. A particular problem in
this work has been the lack of accurate dielectric response data for InAlAs lattice matched to
InP. This material is problematic due to the difficulties in obtaining a smooth, native oxide
free surface. We have obtained a reasonably good data set using variable angle of incidence
spectroscopic ellipsometry and are using this data set in the analysis of InP-based SISFET
and MODFET structures. However, this data is currently not accurate enough and we are
working to improve our measurements using new CBE-grown structures.

Also in the area of reference data problems, we have begun work on the theoretical and
experimental characterization of the dielectric response of strained layer materials. Accurate
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measurement of the dielectric response of very thin films is fundamentally a serious problem.
For strained layer films, this problem is critical since it is impossible to grow thick reference
layers with the same band structure as the coherently strained films. Our current approach
is to model the dielectric response using lineshape fits to critical points from experimental
measurements, and to model the dielectric response by using band structure theory to predict
the changes in the critical point behavior with strain/composition changes. This work is
currently in its early changes. We are presently concentrating on data analysis techniques
for accurately determining the critical point lineshape parameters for very thin films from SE
data.

In the related area of interpolation of dielectric response data, we have made considerable
progress during the course of this program. Our major contribution has been the development
of an empirical technique which we call the Modified Harmonic Oscillator Approximation
(MHOA). This method uses a relatively small number of damped harmonic oscillators with 0
phase delays to reconstruct the dielectric response of known materials to «1% residual error
levels. A significant advantage of this method over earlier techniques is that it can be used to
obtain accurate fits over the entire near IR to near UV photon energy range, including regions
below the fundamental bandgap of the material under study. By interpolating the oscillator
coefficients, the dielectric response of unknown intermediate compositions can be accurately
estimated. This technique has been quantitatively demonstrated for the AIGaAs/GaAs system,
and we are routinely using in other materials systems. This technique is useful for both the
SE application for which it was developed, as well as many other reflection and transmission
problems using these materials.

We have made the first reported investigations of the interface transition regions of CBE
grown InGaAs/InP and InP/InGaAs films using spectroscopic ellipsometry. Our results indicate
that the CBE InGaAs/InP is virtually abrupt (within a resolution limit of about 15 A) and
that any nonidealities in the InGaAs are due to very slight lattice mismatch. The InP/InGaAs
transition is similar to that observed by others for MOCVD material. The InP contains
significant quantities of As at least 75 Ainto the film. Very thick film of InP show no As,
but we have not yet been able to conduct experiments to determine the extent of the As
contamination. The thin film results have been confirmed by ESCA surface analysis. This
transition region of InAsP has been found to cause etching problems in our InP-based HBT
work. The SE data has been used to aid in developing a wet etch problem to remove the
transition region. Modifications are currently being made to the CBE system in an attempt
to reduce this problem and SE analysis will be used as part of the evaluation of this effort.

PUBLICATIONS:

1. M.E. Sherwin, F.L. Terry, Jr., G.O. Munns, J.S. Herman, E.G. Woelk, and G.I. Haddad, 0
"Investigation and Optimization of InGaAs/InP Heterointerfaces Grown by Chemical
Beam Epitaxy Using Spectroscopic Ellipsometry and Photoluminescence," J. Elect.
Mat., 21, pp. 269-275, (1992).

2. J. L. Dupuie, E. Gulari, and F.L. Terry, Jr., "The Low Temperature Catalyzed Chemical •
Vapor Deposition and Characterization of Silicon Nitride Thin Films," J. Electrochem.
Soc., 139, pp. 1151-1159, (1992).
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INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

A number of computer readable copies of the modified harmonic oscillator coefficients
for estimation of the dielectric response of AIGal_.,As have been supplied to government,
industry, and university research labs including:

"* Sandia National Laboratory for use in GaAs/AIGaAs solar cell design

"* NIST

"• Rudolph Research Corporation, for incorporation in their commercial software system
for their spectroscopic ellipsometer system.

0

0
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XVIII. INSULATED GATE DEVICES

FACULTY SUPERVISOR: F. Terry

GRADUATE STUDENT PARTICIPANTS:

R.-L. Lee
J. Herman

PERIOD: January 1, 1992 - June 30, 1992

TASK OBJECTIVES: 0
The major objectives of this work are: (1) to develop narrow gap semiconductor gate - wide

gap, undoped semiconductor quasi- insulator - narrow gap semiconductor SISFET technology;
(2) to develop improved capacitance - voltage analysis methods for studying interface states
and other charged defects in these systems; (3) to develop improved wide bandgap deposited
insulator technology for true insulated gate devices on Ill-V compound devices. 0

WORK PERFORMED:

" We have developed a moderate pressure direct plasma PECVD deposition process for
low temperature deposition of Si0 2 which yields results on control Si wafers which are
very close to the quality of thermally grown Si0 2 on Si. Interface state densities in the
low 10 10/eV/cm 2 range are easily achievable with low levels of slow trapping (hysteresis
in CV curves). This process makes use of moderate pressures (-,,400mT) in a heavily
He diluted environment to minimize ion damage to the substrate. Very high N20 to
SiH 4 rations are used to reduce the level of oxygen vacancy defects in the Si0 2.

" We have used this process in conjunction with various plasma surface treatments on
GaAs, InP, and InGaAs on InP to develop surface passivation techniques for III-V devices.
We have found two successful schemes for GaAs surfaces. The first makes use of a
H2 plasma surface clean to remove native oxides followed by a surface passivation layer
formation in an NH3 plasma. The MOS structure is completed with the Si0 2 deposition.
This process results in apparently unpinned GaAs surfaces with interface state densities
in the low 1011/eV/cm 4 range at midgap. However, slow trapping effects (presumably
in the interface layer) remain a problem. Also, we have found, using spectroscopic
ellipsometry and electrical tests, that the H2 plasma etch has a critical threshold time
for success which is very difficult to control. Short times may be ineffective while over
etches by as little as 1 minute can lead to very poor electrical results. Attempts to
apply this type of process to the InP system were unsuccessful to the extreme difficulty
of H2 plasma etching of the InP native oxide without significant P removal from the
InP surface. These problems, and the reports in the literature of encouraging results
on aqueous sulfide treatments of GaAs, led us to investigate H2S plasma treatments.
Initial investigations centered on elevated temperature plasma treatments (100-300 0C).
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We found that following these treatments, no Si0 2 deposition would occur on the
substrates. We attribute this problem to SiH 4 reactions with the sulfur deposited in
the reaction chamber. We found, however, that treating the GaAs or InP surfaces at

room temperature with a low power H2S plasma and then heating the substrate in
H2 without plasma excitation and then depositing an S0 2 film yields very good MOS
characteristics. Again, interface state densities in the low 10"/eV/cm2 range could be
achieved on GaAs and InP. We are still working to achieve similar results on InGaAs. The
major disadvantage of this method which we have found is that at high temperatures
(>8000 C for GaAs) the sulfur diffuses from the surface into the semiconductor, forming
a relatively heavily doped n-type surface layer. No n-type doping is observed at low
temperatures (<5000C). We are currently working on non- self aligned MOS transistors
to further study surface properties, and on the use of this method to reduce surface
recombination velocity problems in GaAs/AIGaAs HBTs.

"* We have demonstrated operational InGaAs/InAlAs/InGaAs/InP SISFET devices using
MBE grown material. We have developed a stress-balanced WSi, cosputtering process
for the gates of these devices. We have also developed a robust, deep submicron etch
process capable of producing high aspect ratio gates (<0.2pm wide and 1pm tall). We
are currently working to integrate the developed technologies to produce deep submicron
self-aligned SISFET and MODFET devices.

" Also, we have used combined high/low frequency capacitance voltage (CV) analysis
to examine interface state densities in CBE grown InAlAs/InGaAs structures. This
technique was used to identify growth conditions which yield minimum interface state
densities.

PUBLICATIONS:

1. J. S. Herman and F.L. Terry, Jr., "Hydrogen Sulfide Plasma Passivation of Gallium
Arsenide," Appi. Phys. Lett., 60, pp. 716- 717, (1992).

2. J.S. Herman and F.L. Terry, Jr., "Hydrogen Sulfide Plasma Passivation of InP,"
submitted to the 1992 IEEE/TMS Electronic Materials Conference, accepted for
presentation as paper C9.

3. J.S. Herman and F.L. Terry, Jr., "Plasma Passivation of Gallium Arsenide," submitted
to the American Vacuum Society Conference, Chicago, Ill, under review.

INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

Discussions on Si0 2 deposition techniques and MOS capacitor measurement methods
have been conducted on several occasions with Paul Young of the NASA Lewis Research
Center. We have also provided reference measurements and capacitors for his efforts.

We have also performed Si0 2 depositions for a NASA Lewis- Ohio State Si solar cell
program.
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XIX. THEORY, DESIGN AND FABRICATION OF LASER DIODE SOURCES

FACULTY SUPERVISOR: P. K. Bhattacharya
RESEARCH SCIENTISTS: G. Munns

W-Q. Li

GRADUATE STUDENT PARTICIPANT:

D. Nichols

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES:

The overall objective of this project is to grow high quality laser structures by chemical
beam epitaxy (CBE). In particular, interest is focussed on the properties of 1.3 and 1.55
pm InP-based lasers with strained pseudomorphic quantum well lasers. Radiative and non-
radiative recombination phenomena and temporal behavior of these devices are to be studied
in detail.

WORK PERFORMED:

We have studied, both theoretically and experimentally, the effects of biaxial strain
upon the performance characteristics of broad area InP/InGaAsP/In•Gal-..As (0.33 < x <
0.73) separate confinement heterostructure multi-quantum well lasers grown by CBE. The
theoretical calculations include the effects of strain on the bandstructure and the Auger
recombination rates. We observed a pronounced dependence of the threshold current density 0
Jth upon x. The lowest measured Jth is 600 A/cm2 in an 800 pm laser with x = 0.68. Also,
internal quantum efficiencies as high as unity and loss coefficients as low as 5.6 cm- 1 have
been measured for x = 0.58. We have also measured the near- and far-field patterns of these
lasers, filamentation, noise intensity spectra, and differential gain characteristics.

We have successfully fabricated ridge waveguide lasers on semi- insulating InP in an S
effort to measure their small-signal modulation characteristics. These measurements yielded
band-widths of 3 GHz for lattice-matched devices and 5 GHz for devices with 10% excess In
in the wells. The large-signal modulation characteristics have also been measured and from
these data the Auger recombination coefficients as a function of strain (misfit) have been
estimated. The experimental results are in good agreement with theoretical predictions. 0

PUBLICATIONS:

1. M. Sherwin, G. Munns, D. Nichols, P. Bhattacharya and F. Terry, "The Growth of 0
InGaAsP by CBE for SCH Quantum Well Lasers Operating at 1.44 and 1.4 mm,"
Journal of Crystal Growth, (1992).
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2. D. Nichols and P. Bhattacharya, "Differential Gain in InP-Based Strained Layer MQW
Lasers," submitted to Applied Physics Letters.

3. Y. Lam, E. Espinosa, D. Nichols, L. Davis and P. Bhattacharya, "Observation of Multiple
Resonance Frequencies in Strip Geometry InGaAsP Quantum Well Lasers," submitted
to IEEE Quantum Electronic Letters.

4. D. Nichols and P. Bhattacharya, "lnP-Based Strained Quantum Well Lasers," Presented
at the Workshop on Compound Semiconductor Microwave materials and Devices, San
Antonio, TX, February 1992.

5. D. Nichols, L. Davis, Y. Lam, E. Espinosa, J. Singh and P. Bhattacharya, "Modulation
Characteristics of InP-Based MQW Lasers; The Impact of Biaxial Compressive and
Tensile Strain, presented at the 50th Device Research Conference, Cambridge, MA,
June 1992.

6. D. Nichols, L. Davis, Y. Lam, G. Munns, J. Loehr, J. Singh and P. Bhattacharya,
"Carrier Dynamics and Modulation Characteristics of InP-Based Strained Quantum
Well Lasers," presented at the International Quantum Electronics Conference, Vienna,
Austria, June 1992.

7. L. Davis, Y. Lam, D. Nichols, E. Espinosa and P. Bhattacharya, "A Study of
Modulation Characteristics, Auger Coefficients and Filamentation Related Noise Spectra
in InP-based Strains Layer Quantum Well Lasers," submitted for presentation to the
International Laser Conference, Takamatsu, Japan, September 1992.

8. J. Singh and P. Bhattacharya, "Role of Strained Layers in Improving the Structural
Reliability of Quantum Well Lasers," submitted for presentation to International Laser
Conference, Takamatsu, Japan, September 1992.

9. L. Davis, Y. Chen, D. Nichols, Y. Lam, J. Singh and P., Bhattacharya, "Auger
Recombination and Impact Ionization Rates in Pseudomorphic InGaAlAs/GaAs and
InGaAs/InP," submitted for presentation to International Laser Conference, Takamatsu,
Japan, September 1992.

INTERACTIONS WITH ARMY LABORATORIES:

T. Aucoin, ETDL, Fort Monmouth
M. Tobin, Harry Diamond Laboratories.

INTERACTIONS WITH D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSITIES:

Boeing Electronics
Hewlett-Packard Labs.
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XX. COMPUTER-AIDED DESIGN OF HIGH-FREQUENCY MONOLITHIC
MICROELECTRONICS

FACULTY SUPERVISOR: Richard B. Brown

GRADUATE STUDENT PARTICIPANT:

Thomas R. Huff

A number of unsupported students have contributed to this work as part of directed study
projects: Ker-Ching Liu, Robert Hou, Shailendra Save, Greg Francisco, Ed Maddox, Lilly Pao, 0
Gladys Lim, Kelwin Ko, and Freddy Sugihwo.

The digital GaAs activity grew into a GaAs computer project funded by DARPA. This
leveraged the investment of ARO by adding the efforts of three other faculty members and
the following graduate students: Ajay Chandna, Phil Barker, Tom Hoy, Dave Johnson, Ayman
Kayssi, Robert McVay, Kunle Olukotun, Dave Nagle, Patrick Sherhart, Tim Stanley, Rich 0
Uhlig, and Mike Upton.

PERIOD: January 1, 1992 -June 30, 1992

TASK OBJECTIVES: 0

1. To develop a computer-aided design environment for high-speed integrated circuits,

2. To evaluate device and interconnect technologies for use in integrated circuits, and

3. To demonstrate the feasibility of digital VLSI GaAs circuits. 0

WORK PERFORMED:

In the past six months, we have made significant continuing developments in modeling, in
the GaAs circuit compiler, and in the architecture of our system. All of this was focused on the 0
design of the SRAM and new CPU, Aurora II. Compared to the first CPU, this chip includes
more functionality. It executes more instructions, and has shifting, exception handling (traps
to the operating system on unimplemented instructions), stalls (so the processor can run at
full speed in testing, even if the memory cannot keep up), and cache control (tag generation,
matching, etc.). In addition to the normal 'cache' mode of operation, this CPU will operate 0
in three other modes that will be useful for testing: 1) on-chip instruction cache mode (only
32 words will be provided on chip); 2) a buffer mode, using the 1K word external instruction
and data c.3ches for memory, but ignoring cache tags; and 3) an autonomous mode, where
instructions are taken from an MMU bus (similar to the HP PA-RISC MMU bus).

The critical paths in this chip have been optimized for speed - we are confident that 0

it will operate at 250 MHz. We have written a C compiler for this machine using the
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GCC compiler from the Free Software Foundation. The ability to trap on unimplemented
instructions will allow us to execute programs compiled on other MIPS compilers. Aurora II
is being implemented first in HGaAs Ill, the 0.6-pm process from Vitesse. Though this chip
has 110,000 transistors (compared to 60,500 in the previous CPU), it is implemented in the
same pad frame, an indication of the improvement in the process and even more importantly,
the improvement in the compiler.

PUBLICATIONS:

1. Ayman I. Kayssi and Karem A. Sakallah, "Delay Macromodels for Point-to-Point MCM
Interconnections," Proceedings of the 1992 MCM Conference, Santa Cruz, CA, Mar.
18-20,1992, pp. 79-82

2. R. Brown, A. Chandna, T. Hoy, T. Huff, R. Lomax, T. Mudge, D. Nagle, K. Sakallah,
R. Uhlig, and M. Upton, "Synthesis and verification of a GaAs microprocessor from
a Verilog hardware description," Proc. Open Verilog Int. User Group Meeting, Mar.
1992, pp. 85-92.

3. A. I. Kayssi, K. A. Sakallah, R. B. Brown, R. J. Lomax, T. N. Mudge, and T. R. Huff,
"Impact of MCM's on system performance optimization," Proc. of the 1992 IEEE Int.
Symp. on Circuits and Systems, vol. 2 of 6, San Diego, CA, May 1992, pp. 919-922.

4. 0. A. Olukotun, T. N. Mudge, and R. B. Brown,"Performance optimization of
pipelined primary caches," Proc. of the 19th International Symposium on Computer
Architecture, May 19-21, 1992, pp. 181-190.

5. R. Brown, A. Chandna, T. Huff, R. Lomax, T. Mudge, R. Oettel, and M. Upton,
"Compound Semiconductor Device Requirements for VLSI," to be presented at the
19th Int. Symposium on Gallium Arsenide and Related Compounds, Karuizawa, Japan,
Sep. 28 - Oct. 2, 1992, invited.

6. R. Brown, P. Barker, A. Chandna, T. Huff, R. Lomax, T. Mudge, K. Sakallah,
P.J. Sherhart, R. Uhlig, and M. Upton, "GaAs RISC Processors," GaAs IC Symposium,
Miami, FL, Oct. 4-7, 1992, invited.

INTERACTIONS WITH ARMY LABORATORIES:

Richard Brown, being on sabbatical during this period, has had less interaction with Army
laboratories than normal. Bob Trew from ARO visited the students involved in April.

INTERACTIONS WITH OTHER D.O.D. LABORATORIES, INDUSTRIES AND UNIVERSI-
TIES:

We have had regular interaction with John Toole from DARPA.
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Dr. Brown's sabbatical at Cascade Design Automation has both facilitated a closer
collaboration with the company whose software is the foundation of our design methodology,
and has presented many opportunities to interact with other industrial companies that are
interested in our work. These include: Vitesse, Silicon Graphics, DEC, CDC, HP, Cray,
Amdahl, Texas Instruments, and Rockwell.
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ABSTRACTS

(Included in this report are abstracts from current reporting
period. Abstracts of earlier publications were included in prior
reports)



A Study of the Valence Bandstructure and Polarization Dependence cf

Near Bandedge Optical Transitions in

Quantum Dots and Quantum Wires

T. T"naka, M. Willatzen, Y. Arakawa, *P. Bhattacharya and J. Singh

Research Center for Advanced Science and Technology,

The University of Tokyo

4-6-1 Komaba, Meguro-ku

Tokyo 153 Japan

*Solid State Electronics Laboratory,

Department of Electrical Engineering and Computer Science

The University of Michigan

Ann Arbor MI 48109 USA

Absbmd

A general technique is developed to solve a k • p multiband Schrddinger equation

in arbitrarily shaped 3-dimensional structures. The approach is used to study the

valence bandstructure, using the Kohn Luttinger formalism for a quantum dot

which is allowed to grow in one dimension to become a quantum wire. As the

quantum dot tends towards a quantum wire, we study its optical properties focusing

on near bandedge polarization dependence of the optical transitions. The effects of

the altering symmetry as we go from a symmetric dot to a wire are reflected in this

study.
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Consequence-s of Structural Disorder on
Laser Properties in Quantum Wire Lasers

Jasprit Singh, Yasuhiko Arakawa, and Pallab Bhatlncharya

Abstrac-Tho effect of Lit terfnce-roughncss-rclahtd disurder

on the cicctrouic anud optoelectronlc properties or a qunntum
wirc.structure nre studied. It Is seen tHit the disorder cnuses

strong Iocnllzntion lia tila 1unsI.onC-ditlrensiouuil system. While

the clcctrualc states arc seriously perturbed, the density or stAtes
is not affected drasticnily. Optoclectronlk properties as reflected

In the interband transitions related phenomenon are not found
to btufcr signiflcant deterioration by the tillsordcr. However, our
results suggest that Intrnbnnd rclaxation processes iniy be seri-
ousl)y tffectcd becat use or electron (hole) states being locnli7cd li
difTerent regl•tls or the mhire.

0
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Consequences of Structural Disorder on
Optoelectronic Properties of Quantum

Wire Structures

J. Singh, T. Takahasi and Y. Arakawa

NO ABSTRACT AVAILABLE
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C-V and I-V Characteristics of Quantum Well

Varactors t

J.P.Sun, R.K.Mains, W.L.Chen, J.R.East, and G.I.Haddad

Center for High-Frequency Microelectronics

Solid State Electronics Lab

Department of Electrical Engineering and Computer Science

The University of Michigan, Ann Arbor, MI 48109

Abstract

A theoretical model for quantum well varactors is presented. The model is used

to calculate the device C-V and I-V characteristics and very good agreement has

been found between the calculated and measured results. Based on the model, a

Triple Barrier Double Well (TBDW) varactor has been designed and fabricated.

Very high capacitance ratio within a very small bias range is achieved, as designed.

Details of the design calculations and experimental results are presented.

t A part of the mults has been presented at 1991 International Semiconductor Device Resemarch

Symposium, Charlottesville, Virginia, December 4-6, 1991. Proceedings 1991 ISDRS, pp. 61-84.
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An Accurate Re-Formuiation of the Wigner Function
Method for Quantum Transport Modeling

R. K. Mains and G. I. Haddad

Department of Electrical Engineering and

Computer Science

The University of Michigan
Ann Arbor, Michigan 48109

Abstract

The Wigner function is a promising method for including such effects as

time dependence, self consistency and inelastic scattering in quantum trans-

port calculations. However, issues regarding the accuracy and consistency of

the method need to be resolved. This paper presents a numerical method

for determining the Wigner function which is derived from an accurate dis-

cretization of the Schr~dinger equation. Results of self-consistent calculations

under low bias conditions are presented. Further work must be done on the

proper formulation of scattering rates, and on determining the device di-

mensions and k-space discretizations required for realistic quantum device

calculations.
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InGaAs/InP hot electron transistors grown by chemical beam epitaxy
W. L Chen, J. P. Sun, G. I. Haddad, M. E. Sherwin, G. 0. Munns, J. R. East,
and R. K. Mains
Center for High Frequency Microelectronicz Department of Electrical Engineering and Computer
Science. The Univenity of Michigan. Ann Arbor. Michigan 48109-2122

(Received 3 February 1992; accepted for publication 23 April 1992)

In this letter, we-report on the dc performance of chemical beam epitaxy grown InGaAs/InP
hot electron transistors (HlETs). The highest observed differential 9 (dic/ddm) is over 100. The
HETs have Pd/Ge/Ti/AI shallow ohmic base contacts with diffusion lengths less than 300 A.
Furthermore. we also demonstrated ballistic transport of electrons in an InGaAs/InP HET by
obtaining an energy distribution of electrons with -60 meV full width at half maximum. The 0
measured conduction band discontinuity of InGaAs/InP is 250.3 meV, which is 39.8% of the
band gap difference.
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Ultra-Fast Pipelined Arithmetic Using Quantum
Electronic Devices

S. Mohan, P. Mazumder, R. K. Mains, J. P. Sun
and G. I. Haddad

NO ABSTRACT AVAILABLE
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LOGIC DESIGN BASED ON NEGATIVE DIFFERENTIAL

RESISTANCE CHARACTERISTICS OF QUANTUM ELECTRONIC DEVICES l

S. Mohan, P. Mazumder, G. I. Haddad, R. K. Mains and J. P. Sun

Department of Electrical Engineering and Computer Science
The University of Michigan

Ann Arbor, MI 48109
Phone: (313) 763 2107

email: mazumadip.eecs.urmich.edu

Abstract
New quantum electronic devices such as resonant tunneling diodes and transistors, have

negative differential resistance characteristics that can be exploited to design novel high-speed
circuits. The high intrinsic switching speed of these devices, combined with the novel circuit
structures used to implement standard logic functions, leads to ultra-fast computing circuits.
The new circuit structures presented here provide extremely compact implementations of func-
tions such as carry generation and addition. The most significant impact of these circuits on
the field of logic design is the introduction of a totally new set of relative costs of various basic
gates; re-evaluation of the logic in the light of these new cost functions leads to ultra-fast and
compact designs as illustrated by the example of a 32-bit adder, in the companion paper.
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Use of Self Bias to Improve Power Saturation and
Intermodulatinn Distortion in CW Class B HBT Operation

Douglas A. Teeter, Student Member, IEEE, Jack R. East, Member, IEEE,
George I. Haddad, Fellow, IEEE

Department of Electrical Engineering and Computer Science
University of Michigan, Ann Arbor, MI 48109-2122, U.S.A.

Abstract: In this letter, it is shown that the DC base bias circuit can be used to
control the RF performance of an HBT operating under CW conditions near class
B mode. By a careful choice of base bias resistance, gain can be linearized, output
power at 1 dB gain compression increased, and intermodulation distortion reduced.
Measurements on HBT's biased near class B operation showed a 10 dB improvement
in 1 dB gain compression point and 10 dB reduction in intermodulation distortion for
moderate power levels. Results for various values of DC base resistance for a typical
EHBT are presented. 1

I. Introduction

Over the past ten years, significant progress has been made toward the development of microwave

heterojunction bipolar transistors (HBTs). Output powers as high as 5 Watts have been obtained

for a 6 cell monolithic HBT amplifier [1] and' intermodulation intercept points as high as 35 dBm

have been reported [2]. Through the use of self aligned base technology, values of f,,. exceeding

100 GHz have become possible [3]. These excellent figures of merit have prompted the use of HBT's

in a number of power applications.

In situations where efficiency is an issue, it is often desirable to bias the transistor in class B

mode. The bias scheme in this case can strongly influence the RF performance. It has been shown

that by biasing a common emitter HBT with a constant base voltage, the collector current increases

1This work in being supported by the Army Research Office under the URI program, Contract No.
DAAL03-87-K-0007.
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Analysis of Intermodulation Distortion in GaAs/AlGaAs
HBT's 1

Douglas A. Teeter, Mete Karakucuk, Jack R. East, George I. Haddad

Center for High Frequency Miicroelectronics 0

Solid State Electronics Laboratory
The University of Michigan, Ann Arbor, MI 48109-2122

Tel: (313) 763-6132 or (313) 763-0212

Abstract

The purpose of this work is to help explain the third order intermodulation distor-
tion properties of the heterojunction bipolar transistor at millimeter wave frequencies.
By using both measured data and an accurate computer model that includes transit
time effects, we have investigated the frequency and bias dependence of the IMD3
intercept point from 8 to 35 GHz. A discussion of our measurement techniques along
with a comparison between theoretical and experimental results will be made.

1This work is being supported by the Army Rearch Office under the URI program, Contract
No. DAAL03-86-K-0007
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Optimized 0.1 Im GaAs MESFET's

Karen E. Moore, Jack R. East, George I. Haddad, Tim Brock

Center for High Frequency Microelectronics
Solid State Electronics Laboratory

The University of Michigan, Ann Arbor, MI 48109-2122
Tel: (313) 763-6132 or (313) 747-1781 (FAX)

Abstract

We have optimized the design of conventional GaAs MESFET's for high frequency
operation. FET's were fabricated using electron beam lithography to define 0.1 /im
"mushroom" gates. The best results obtained include g,. = 600mS/m :, ft 93
GHz, and fna _ 150 GHz.

This work is being supported by the Army Research Office under the URI program, Contract No.
DAAL03-86-K-0007
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High Breakdown Voltage, Sub-micron, Strained InG'aAAs/GaAs FET's

KW. Eisenbeiser, J.R. East, G. I. Haddad and T. Brock

Center for High Frequency Microelectronics

The University of Michigan.

Ann Arbor, MI 48109-2122

Abstract:

Sub-micron GaAs FETs with a pseudomorphic surface layer of InGaAlAs to

increase breakdown voltage have been fabricated. A 0.2 pm gate length device

with Idas of 360 mA/mm has a BVd.s of 9.3 v and a BVg.d of 11.5 v. The effect

upon device performance of gate length, source-to-drain spacing and Al mole

fraction was also investigated.

0
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Breakdown Voltage Improvement in Strained InGaALAs/GaAs FETs

K. W. Eisenbeiser, J. R. East, J. Singh, W. Li and G. I. Haddad

Center for High Frequency Microelectronics

The University of Michigan

Ann Arbor MI, 48109-2122

Abstract- GaAs MESFET's with a surface layer of pseudomorphic InGaAIAs

have been fabricated. The compressive strain and wide bandgap in the

InGaA1As layer reduce the impact ionization rate in this layer and improve

the breakdown voltage of the device. A 1 pm x 75 pm gate device with the

pseudomorphic surface laye4, showed an improvement in gate to drain

breakdown of over 60% and an improvement in channel breakdown of 50%

as compared to a similar device without the pseudomorphic layer. Both

devices had a peak transconductance of about 190 mS/mm and a

saturation current of about 265 mA/mm.

A-13



Low-Frequency Noise Characteristics of Lattice-
Matched (x = 0.53) and Strained (x > 0.53)

Ino.52A10.48As/InxGa1 -,As HEMT's

Geok Ing Ng, Member, IEEE. Dimitris Pavlidis, Senior Member, IEEE, Marcel Tutt, Rainer Matthias Weiss, and
Phil Marsh

Abstract-Extensive bias-dependent and temperature-depen-
dent low-frequency (LF) noise measurements were performed
on lattice-matched and strained In0.52AI0.4sAs/InGaI -,,As

(0.53 < x < 0.70) HEMT's. The input-noise voltage spectral
density is insensitive to VDs bias and shows a minimum at VGs
corresponding to the peak gm condition. The corresponding
output-noise voltage spectral density, which depends strongly
on the gain of the devices, increases with VDs. The input noise
was found to be rather insensitive to indium (In) content. Tem-
perature-dependent low-frequency noise measuremeats on these
devices reveal shallow traps with energies of 0.11, 0.15, and
0.18 eV for the 60%, 65%, and 70% In HEMT's. Noise tran-
sition frequencies for these devices were found to be in the or-
der of 200-300 Mllz and remain almost the same for different
channel In content and VDs bias.
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Single and Dual P-Doped Channel InO.52Al0.48As/InxGal.xAs

(x=0.53, 0.65) FET's and the Role of Doping

Yi-Jen Chan and Dirnitris Pavlidis

Center for High Frequency Microelectronics

Solid State Electronics Laboratory

Department of Electrical Engineering and Computer Science

University of Michigan, Ann Arbor, MI 48109-2122

ABSTRACT

The properties of lattice matched(x--0.53) and strained(x--0.65) InO.52AI0.48As/InxGa1.xAs

p-doped channel FETs are reported. The role of doping density is studied.with the help of two

designs (dual-channel with low doping and single-channel with high doping). The strained

dual-channel devices demonstrate an improvement of mobility from 108 cm2/V-sec(53% In) to

265 cm2/V-sec(65% In) at 300K. The corresponding intrinsic transconductance enhancement

is from 23mS/mm(53% In) to 46.5mS/mm(65% In) using 1.Opgm long gates. The cut-off

frequency(fT) also improves from 1.0GHz to 1.4GHz. The impact of strain in the highly

doped single-channel device is small. The bandstructure under lattice matched and strained

conditions and the position of Fermi-level according to doping seem to be the main factors

determining the reported features.
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High Performance E/D-Mode InA!As/InGaAs HIGFET Technology
and Integrated Logic Functions

0

Yi-Jen Chan and Dimitris Pavlidis
Center for High Frequency Microelectronics

Department of Electrical Engineering and Computer Science
The University of Michigan, Ann Arbor, MI 48109-2122

Introduction

InAlAs/InGaAs Heterostructure Insulated-Gate FET's (HIGFET's) have demonstrated

excellent potential for use in high speed and high frequency integrated circuits[i]-[7]. Compared

to AlGaAs/GaAs, this material system provides higher two-dimensional electron gas mobility,

carrier drift velocity, and a larger conduction band discontinuity. This results in good carrier

confinement and transport properties in N-channel FET's. Lattice-matched (x= 0.53) and

strained (x> 0.53) InA1As/InxGal-xAs HIGFET's have been reported by the authors, to show *
enhancement of electrical performance up to x= 0.65(1]. Submicron HIGFETs made with these

heterostructures have also shown an fT value of 63 GHz for 0.3 P.m long gates[2]. Moreover,

Enhancement/ Resistor (E/R)[4], Enhancement/ Depletion (E/D)[5], and complementary (P/N)[6]

logic functions with this heterostructure have also shown very promising features as required for

high-speed, low-power digital circuits; small propagation delay of 26 ps/gate has for example 0

been achieved using E/R-mode logic[4].

In this study, we integrated both E- and D-HIGFET's on the same wafer by using a

selective ion implantation approach. The details of the fabrication steps together with the

characteristics of the devices and the DCFL logic gates built with them are presented and *
discussed below.

A
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0.1uzm MOVPE Grown InAlAs/InGaAs HEMT's with Above 150GHz
Operation Capability

G. I. Ng, D. Pavlidis, Y. Kwon, T. Brock J. I. Davies, G. Clarke, P. K. Rees

Solid-State Electronics Laboratory Epita.xial Products International Ltd
• Department of EECS Cypress Drive, St. Mellons

The University of Michigan Cardif, CF3 0EG, United Kingdom
Ann Arbor, MI 48109-2122, U.S.A

INTRODUCTION

InAlAs/InGaAs HEMT's have primarily used MBE grown heterostructures.
MOVPE offers, however, an attractive alternative due to its better compat-
ibility with optoelectonic requirements. Phosphorus containing compounds
can for example be grown by MOVPE, high growth rates can be achieved
and the technique lends itself better for production. This paper reports for
the first time on the above 150GHz operation capability of MOVPE grown
InAlAs/InGaAs HEMT's using 0.1•tm T-gate technology.
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Fmax-Enhancement in CBE-Grov:n iA.As/InGaAs HEMT's Using

Novel Self-Aligned Offset-Gate Technolog" y

Y. Kwon, T. Brock, G. I. Ng, D. Pavlidis
and

G. 0. Munns, 2M. E. Sherwin, G. I. Haddad

Solid-State Electronics Laboratory, Department of EECS,
The University of Michigan, Ann Arbor. MI 48109-2122, U.S.A

INTRODUCTION

High fmr values are an essential requirement for microwave applications. f enhance-
ment to 350 GHz [1] has been reported in AIGaAs/InGaAs HEMT's by offsetting the
gate to source. High f.,, values of 455 GHz [2] have also been obtained from MBE
grown InAlAs/InGaAs HEMT's. Ultimate f,* performance is, however, expected by
combining the offset-gate advantages with small gate-source spacing. The latter is pos-
sible by a self-aligned gate technology and is the subject of this work, which presents a
novel approach with offset self-aligned gates. Furthermore, we applied this technique to
InAAAs/InGaAs HEMT's grown by Chemical Beam Epitaxy (CBE) rather than MBE.
A first demonstration of the feasibility of CBE growth for HEMT's has recently been
reported by the authors (3].
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MIaterial Related Issues and Their Characterization With a View
to III-V Heterojunction Device Optimization

Dimitris Pavlidis
16 Solid State Electronics Laboratory

Department of Electrical Engineering
and Computer Science

The University of Michigan
Ann Arbor

Michigan 48109-2122, U.S.A.

Abstract

The impact of various material choices, i.e. InAlAs/InGaAs, AIGaAs/GaAs,

GaInP/GaAs on device characteristics is analyzed. Traps located at various
regions of the device impact its performance and can be identified by device

characterization such as g,,,,Rd, dispersion and low-frequency noise. Reliability
characteristics can be related to material modifications under stress, i.e. traps

and dopant diffusion and degradation can be minimized by growth optimization.

Process induced damage by dry-etching can be minimized by proper selection of

etching conditions. A strong interaction between material and device research is

necessary for best results in optimizing III-V technology.

Work supported in part by NASA (Contr. No. NAGW-1334), URI-ARO (Contr. No. DAAL
03-87-K.0007) and Texas Instruments (Contr. No. 109106476).
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Parametric Investigation of InGaAs/InAIAs HEMT's
Grown by CBE

G. 0. Munns, M. E. Sherwin, Y. Kwon, T. Brock,W. L Chen'- i and G. 1. Haddad
Center for High Frequency Microelectronics

The University of Michigan
1135 EECS Building

Ann Arbor, MI 48109-2122

The InAlAs/InGaAs high electron mobility transistor offers excellent high
frequency, low noise operation for t•U4 •r;'l.z.n-ise amplifiers. While this
material system has been grown primarily by conventioal MBE other growth
techniques have been examined for improved throughputCfiemical beam epitaxy
offers semi-infinite souces, good source stability, the flexibility to utilize phosphorus,
and extended uptime (up to 560 growth runs over 1.5 years). However, CBE has only
been recently been shown to produce excellent quality InAlAs suitable for the growth
of InAlAs/InGaAs HEMT's. 1

This is the first parametric investigation of the properties of lnAlAs/InGaAs
HEMT's grown by CBE. A series of lattice matched, pulse doped HEMIT's have been
grown in which the dopant dose, spacer layer, and channel thickness were
systematically varied. Low field 300K Hall mobilities as high as 8,700 cm2NVs for a
sheet carrier concentration of 3x1012 cm"2 have been measured. This mobility is
somewhat lower than uniformly doped HEMTrs which have shown mobilities over 0
10,000 crrnQvs at room temperature. A figure of merit (the product of the measured
Hall mobility and carrier concentration) has been correlated among the device
structure, gateless saturation currents, and DC and microwave device performance.
Its applicability as a rough predictor of device performance will be discussed.

Contrary to other reports of MBE grown material the low field Hall mobility does 9
not increase as the dopant pulse is increased, and in fact the dopant pulse to
InAIAs/InGaAs interface distance has been increased to improve Hall results and
device performance. Secondary ion mass spectroscopy has shown no increase in
carbon or oxygen levels at the dopant pulse. This has led to speculation that interface
scattering at the top InAIAs/InGaAs interface may be important. Initial SIMS results do 0
not conclusively show intermixing of the Group Ill elements at this interface however. It
is possible that a reduction in the substrate temperature during growth may improve
the electrical properties which depend on the interface. Results of this modification in
growth conditions shall be reported.

Self aligned 0.1 micron HEMIT's fabricated from these layers have shown 0
external DC transconductances over 1,000 mS/mm, (unity current gain cutoff
frequencies as high as 190 GHz and unity power gain frequencies up to 300 GHz.
These results and those of more conventional 0.1 micron gate length HEMFT's
demonstrate the potential of InAlAs/InGaAs HEMFT's grown by CBE.
1 G. 0. Munns, M. E. Sherwin, T. Brock, G. 1. Haddad, Y. Kwon, G. I. Ng, D. Pavlidis, •

presented at ICCBE-3, September 1991.

A-20



Trap Studies in GaInP/GaAs and A1GaAs/GaAs HEMT's by Means of

Low-Frequency Noise and Transconductance Dispersion

Characterizations

Yi-Jen Chan and Dimitris Pavlidis

Center for High Frequency Microelectronics

Department of Electrical Engineering and Computer Science

The University of Michigan, Ann Arbor, MI 48109-2122

Abstract: The presence of traps in GaInP/GaAs and AlGaAs/GaAs HEMTs was investigated

by means of low frequency noise and frequency dispersion measurements. Low frequency

noise measurements showed two deep traps (Eal= 0.58 eV, Ea2= 0.27 eV) in AlGaAs/GaAs

HEMTs. One of them (Ea2) is responsible for the channel current collapse at low temperature

and is associated with the DX-center. A deep trap (E'al= 0.52 eV) was observed in

GaInP/GaAs HEMT's only at a much higher temperature (- 350K). These devices showed a

transconductance dispersion of - 16% at 300K which reduced to only - 2% at 200K. The

dispersion characteristics of AlGaAs/GaAs HEMTs were very similar at 300K (- 12%) but

degraded at 200K (- 20%). The low frequency noise and the transconductance dispersion are

enhanced at certain temperatures corresponding to trap level crossing by the Fermi-level. The

transition frequency of I/f noise is estimated at - 180 MHz for GaInP/GaAs HEMTs and

resembles that of AIGaAs/GaAs devices.

This work is supported by U.S. Army Research Office (Contract no. DAAL-03-87-K-0007).
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Orientation Effects in In0 .52 Al0.4 8 As/In0 .5 3 Ga 0 .4 ,,s

Heterostructure Insulated-Gate FET's

Yi-Jen Chan and Dimitris Pavlidis

Center for High Frequency Microelectronics

Department of Electrical Engineering and Computer Science

The University of Michigan, Ann Arbor, IE 48109-2122

Abstract

Orientation effect studies in In0.52A10.48As/1In0.s 3 Ga0.47 As HIGFETs are reported.

Piezoelectric charges induced by tensile stress at the interface of the WSix gate and the

semiconductor were found to be responsible for these effects. Positive and negative Vth shifts

are observed in [0 11] (+94 mV) and [01] (-121 mV) direction respectively for 5500A thick

WSix gates. The shifts become smaller when the WSix thickness is reduced down to 2500k

(+28 mV for [011], -27 mV for [011]). The Vth characteristics in [001] direction are not

influenced by the stress and are primarily determined by short-channel effects. Studies as a

function of the WSix film thickness confirm that the stress originates from the

WSix/semicoriductor interface.

This work is supported by the U.S. Army Office under Contract DAAL-03-87-K-0007
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Novel High-Impedance Photoconductive Sampling Probe
for Ultra-High Speed Circuit Characterization

Joungho Kim. Yi-Jen Chan*, Steven Williamson, John Nees,
Shin-ichi Wakana, John Whitaker, Dimitris Pavlidis*

Center for Ultrafast Optical Science, *Center for I ligh Frequency Microelectronics
The University of Michigan, EECS

2200 Bonistecel, 1006 IST
Ann Arbor, M148109-2099

Abstract

We report on a novel probe technology
applied to the measurement of high-speed guided
electrical signals. The probe, based on the
optoelectronic technique of photoconductive
sampling, consists of a high-impedance gate
fabricated using an interdigitated electrode
structure on semi-insulating low-temperature-
MBE-grown GaAs or on Silicon-on-Sapphire. Its
resistance is 100 Mf2 and its capacitance is less than
0.1 fF, making this probe very attractive for the
non-invasive, external circuit testing of ultrahigh-
speed devices and circuits with a 120-GHz
measurement bandwidth. A 30 ps switching time
was measured for an E/D-Mode InAlAs/InGaAs
1I1GFET inverter using the probe.
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1/f Noise Characteristics of InP/InGaAs Heterojunction Bipolar
Transistor's

0

Marcel N. Tutt, Dimitris Pavlidis, and Hin-Fai Chau 0

Solid-State Electronics Laboratory, Department of EECS,
The University of Michigan, Ann Arbor, MI 48109-2122, U.S.A

0

INTRODUCTION

InP/InGaAs HBT's have demonstrated very good high-frequency/speed perfor-
mance [1] and have received a great deal of study for optical front-ends and both
analog as well as digital applications. The sensitivity of optical receivers, the noise
content of amplifying modules and the noise of signal sources can be severely limited
by low frequency noise including 1/f, and trap related noise. Minimization of such
noise can only be accomplished by understanding the noise mechanisms present in
the device. Numerous studies have been done on AIGaAs/GaAs HBT's [2], [3],
however little work has been done on InGaAs/InP HBT's. This paper addresses
the low frequency noise characteristics of InGsAs/InP HBT's. To this end, results
of systematic frequency, bias, and geometry studies of the base and collector noise
spectra are presented.
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PHOSPHIDE AND RELATED MATERIALS
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Analysis of InP/InGaAs Single and Double Heterostructure Bipolar
Transistors for Simultaneous High Speed and High Breakdown

Operation

Hin-Fai Chau, Dimitris Pavlidis, Juntao fIu" and Kazutaka Tomizawa t

Solid-State Electronics Laboratory, Department of EECS,
The University of Michigan, Ann Arbor, MI 48109-2122, U.S.A

t Department of Computer Science, Meiji Univerisity, Kawasaki 214, Japan

INTRODUCTION

InP/InGaAs Heterostructure Bipolar Transistors (HBT's) have demon-
strated excellent microwave characteristics (1] and enhanced performance
using a p- [2] and an i-6p+ collector [3]. In contrast to AIGaAs/GaAs
HBT's, however, InP/InGaAs devices show in general low breakdown volt-
ages due to the small bandgap energy of the InGaAs collector. This paper
presents InP/InGaAs HBT characteristics with different collector materials
and doping profiles in view of high breakdown operation and possibly high
speed characteristics.
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Evaluation of Speed-Breakdown Trade-offs in InP/InGaAs

Heterojunction Bipolar Transistors

Dimitris Pavlidis, Hin-Fai Chau, Juntao Hui and Kazutaka Tomizawa2

Solid-State Electronics Laboratory
Department of Electrical Engineering and Computer Science

The University of Michigan, Ann Arbor, Michigan 48109-2122, USA

Abstract

InP/InGaAs Heterojunction Bipolar Transistors (HBT's) offer a promising alternative
to the more traditional AlGaAs/GaAs designs. Their injection efficiency can be higher due
to their larger AEv and overshoot can be better sustained even without special collector
structures due to their larger F-L valley separation. The small bandgap energy of the InGaAs
is, however, believed to be responsible for their generally low-breakdown characteristics
compared to GaAs-based devices. Thus, although very promising for very high frequency
operation, 1nP/InGaAs HBT's do not appear to be suitable for power applications unless
special designs are sought. This paper addresses the speed-breakdown trade-offs in various
designs of InP-based HBT's.

An experimental study was performed first on single InP/InGaAs HBT's grown by 0
MOCVD. A self-aligned process involving RIE of the emitter in CH 4 /H 2/Ar plasma was
used for the fabrication. WSi. air-bridges connected the emitter pads to the emitter fingers.
They were fabricated by a trench technology involving selective etching of the semiconductor
under part of the fingers (Fig. 1). Devices with a single 3 x 11 uim 2 finger showed a dc
gain f6 of 44 and a cutoff frequency fT of 20.4 GHz. Two terminal characterization of the 0
devices between the base (B) and collector (C) revealed a positive temperature coefficient
of the breakdown voltage, indicating that avalanche impact ionization in the B-C junction

is responsible for the breakdown. Three terminal measurements supported this finding.

A 1-D drift-diffusion model was developed evaluating the breakdown characteristics.
It accounted for breakdown by carrier generation due to impact ionization; this was solved
self-consistently in the model. Monte Carlo simulations were also performed to evaluate the
speed characteristidcs. Base currernt reversal was used for identifying the breakdown and
was confirmed experimentally and theoretically.

The results show that among single HBT's, the highest breakdown voltage can
be achieved by i-collector designs (Fig. 2), but in terms of speed-breakdown tradeoff
p--n- collectors show the best compromise. Double HBT's outperform all other designs
in speed-power trade-off (Fig. 3) provided that the B-C junction is graded.

' Presently with Bell Northern Research, Ottawa K1Y 4H7, Canada
2 University of Meiji, Tama-Ku Kawasaki 214, Japan

Work supported by ARO (Contract No. DAAL03-87-K-0007) and Bell Northern Research.
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Monte Carlo Studies of the Effect of Emitter Junction
* Grading on the Electron Transport in

InAlAs/InGaAs Heterojunction
Bipolar Transistors

Juntao Hu, Member, IEEE, Dimnitris Pavlidis, Senior Member, IEEE, and Kazutaka Tomizawa, Member, IEEE

Abstract-InAlAs/InGaAs HlBT's with various emitter junc-
tion gradings are simulated using a self-consistent Monte Carlo
simulator. The effects of the emitter junction grading and the
shift of the emitter-base p-n junction into the emitter depletion
region due to diffusion of the base dopant are investigated. A
minimum transit time (Trc) of 1.18 ps is predicted for an
In(Gal _,AI,)As grading with x = 0.6 at the E-B interface and
Jc = 0.7 x 105 A/cm2. Graded-base designs do not offer any
transit time performance improvement compared with the
graded E-B approach. For transient performance, the device
switching time is found to remain constant at about 2.2 ps up
to x0 - 0.7 but increases for larger values. A cutoff frequency
(fT) of as high as 270 GHz was observed for x0 = 0.7, indicating
that best transport can be achieved from intermediately graded
rather than abrupt E-B.junction designs.
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A Physics-Based Fitting and Extrapolation Method for

Measured Impact Ionization Coefficients in III-V Semiconductors

Hin-Fai Chau and Dimitris Pavlidis

0
Center for High-Frequency Microelectronics

Solid-State Electronics Laboratory

Department of Electrical Engineering and Computer Science 0

The University of Michigan

Ann Arbor, MI 48104-2122

ABSTRACT

This paper describes a general approach based on a physical model of impact ionization 0

to fit and extrapolate measured ionization coefficients of electrons (a) and holes (13) in

III-V semiconductors. Materials being considered include GaAs, Al.Ga1 _-.As (x = 0.1 to

0.4), InP, Ino.53GaO.47As and Ino. 52Alo.4As. Expressions giving the correct dependencies

are obtained at very large or small electric fields outside the range of most measurements

while at the same time a reasonable fit is achieved for experimental data. The results 0

of the proposed approach yielded a seL f physical parameters, which can be coupled

with the temperature dependence relationships in the model to predict impact ionization

coefficients over a wide range of electric fields at different temperatures, and can be useful

in calculations of temperature dependent avalanche breakdown voltages of electronic and

optical devices. 0
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Breakdown-Speed Considerations in InPiInGaAs Single anK
Double Heterostructure Bipolar Transistors

Hin-Fai Chau, Dimitris Pavlidis, Juntao Hu',
Solid-State Electronics Laboratory

Department of Electrical Engineering and Computer Science
The University of Michigan

Ann Arbor, Michigan 48109-2122, USA

and Kazutaka Tomizawa
Department of Computer Science

Meiji University
1-1-1 Higashimita

Tama-Ku Kawasaki 214, Japan.

Abstract

The breakdown and speed characteristics of InP/InGaAs single and double HBT's

are presented. Temperature-dependent two-terminal and three-terminal measurements

suggest that avalanche impact ionization is the dominant breakdown mechanism in

InGaAs collector HBT's. Monte Carlo techniques and 1-D drift-diffusion modeling

are used for speed and breakdown simulation respectively. Special doping profiles are

evaluated for improving the breakdown-speed characteristics of single HBT's (SHBT's)

with conventional uniformly doped InGaAs collectors. Double HBT's (DHBT's)

outperform all SHBT's in terms of speed-breakdown tradeoffs as long as they use graded

base-collector junctions or they operate under sufficiently high collector-emitter voltage

conditions. A cutoff frequency of 200 GHz was found to be feasible with graded DHBT's
and breakdown voltages up to 4.6 V were evaluated with 3000 A thick collector.

Non-graded DHBT's can be optimized to perform better in terms of speed-breakdown

tradeoffs provided that a high collector doping is used.

t J. Hu was with the Solid-State Electronics Lab., Dept. of Elect. Eng. & Comp. Sci., Univ. of
Michigan, Ann Arbor, MI-48109-2122, USA. He is now with Bell Northern Research, Ottawa, Canada
KIY 4H7.

This work was supported by the U.S. Army Research Office under Contract DAAL03-87-K-0007 and
Bell Northern Research.
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An Analysis of the Large-Signal Characteristics of
A1GaAs/GaAs Heterojunction Bipolar Transistors

Michael Y. Frankel, Student Member, IEEE, and Dimitris Pavlidis, Senior Member, IEEE

Abstract-The large-signal characteristics of AIGaAs/GaAs
heterojunction bipolar transistors are reported. A harmonic
balance analysis technique is used for their analysis. This is
based on equivalent circuit extractions using approximate
physical equations for constraining the fitted solutions and for
describing certain circuit element value bias trends. Class A
and Class AB large signal behavior was measured and modeled
satisfactorily. Power saturation is shown to occur due to the
input signal entering the cutoff or the saturation region of the
HBT operation. This is illustrated by time-dependent cur-
rent/voltage waveforms and the power dependence of large-sig-
nal equivalent circuit elements. Depending on device bias and
matching conditions the main sources of nonlinearities in de-
vice output may be caused by the nonlinearities in transcon-
ductance, input conductance, and base-collector capacitance.
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Investigation of HBT Oscillator Noise Through 1/f Noise and
Noise Upconversion Studiest

Marcel N. Tutt, Dimitris Pavlidis, Ali Khatibzadeh', and Burhan Bayraktaroglu'

Solid-State Electronics Laboratory Central Research Laboratories1

Department of Electrical Engineering and Computer Science Texas Instruments
University of Michigan 13588 North Central Expressway

Ann Arbor, MI 48109-2122 Dallas, TX

ABSTRACT

It is shown that the £(f) characteristics of a HBT
DRO can be approximated using the HBT's low frequency
noise spectra and the oscillator's upconversion factor, K'FM.
Experimental studies have been used for this purpose and
the measured £(f) ranged -89dBc/Hz to -10ldBc/Hz at a
10kHz offset frequency (-124dBc/Hz best performance at
100kHz). It was shown that the upconversion of the low
frequency noise is the primary cause of £(f) in the oscilla-
tor and its frequency dependence is directly impacted by
the low frequency noise spectrum rather than KF'M itself.
d.C(f)/df deviates from the -30dB/decade rate, expected
for upconversion of ideal 1/f noise, due to traps in the
device.
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Direct Calculation of the HBT Equivalent Circuit From

Measured S-Parameters

David R. Pehlke and Dimitris Pavlidis

Center for High Frequency Microelectronics
Solid State Electronics Laboratory

The University of Michigan, Ann Arbor, MI 48109-2122

Abstract

A new approach for directly calculating the HBT
equivalent circuit from measured S-parameters is
presented. Analytically derived rather then fitted
solutions are obtained in this way. Extrinsic as well
as intrinsic element values are computed without
the use of special test structures or additional mea-
surement steps. Bias dependent results for base re-
sistance, collector resistance, base-collector capaci- 0

tance, base transport factor, and base and collector
transit times are discussed in detail.
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Analysis and Optimization of Third Order Intermodulation Distortion
Mechanisms in AlGaAs/GaAs Heterojunction Bipolar Transistors I

Apostolos Samelis and Dirnitris Pavlidis

Solid Stle Elprtrnnic r Lahnratorv
Department of Electrical Engineering and Computer Science

_- The University of Michigan
Ann Arbor, MI 48109-2122

Abstract: In this paper the third order intermodu-
lation distortion (IMD3) mechanisms of HBT's are
analyzed using Volterra Series theory. The third or-
der nonlinear currents generated by the device non-
linearities are evaluated for this purpose. Second
harmonic loading is addressed in view of IMD3 op-
timization while, at the same time, maintaining high
gain through conjugate matching at the fundamen-
tal frequency. It is shown that IMD3 depends on a
complex process involving interactions between var-
ious nonlinear elements and is highly sensitive to
Cb, generated nonlinear current. The interaction of
the latter with the other HBT elements significantly
impacts the IMD3. Optimum IMD3 occurs at high
second harmonic reflection coefficients correspond-
ing to open load conditions. Up to 27dBm IMD3
improvement can be obtained by proper loading.
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A Study and Optoelectronic Veri'ication of AIGaAs/GaAs Heterojunction Bipolar
Transistor Large-signal Characteristics

Michael Y. Frankel, member IEEE, Dimitris Pavlidis, senior member, IEEE, and Gerard A.
Mourou, member IEEE

Solid State Electronics Laboratory and Ultrafast Science Laboratory
Department of Electrical Engineering and Computer Science

The University of Michigan
Ann Arbor, MI 48109-2099

Abstract

A hybrid optoelectronic measurement system is constructed and used to obtain the large-signal

characteristics of AIGaAs/GaAs heterojunction bipolar transistors. The measurement system utilizes

a terahertz bandwidth electro-optic transducer gated by 100 fs laser pulses to interrogate the time-

domain waveforms at the device input and output nodes. A microwave signal phase-locked to the

laser pulse-train is used to synchronously excite the device in both small-signal and large-signal

regimes. The measurement system is capable of 50 GHz bandwidth and provides time-domain

voltage waveforms that can be used directly to verify the time-domain results of the large-signal

analysis.

Michael Y. Frankel is now with the Naval Research Laboratory, CODE 6570, Washington, DC

20375-5000

This work was supported by Air Force Office of Scientific Research, University Research

Initiative (Contr. No. F49620-87-C-0016), Alcatel-Espace (Contr. No. 393 500 143), and Army

Research Office (Contr. No. DAAL-03-87-K-0007).
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Investigation of HBT Oscillator Noise Through 1/f Noise and

Noise Upconversion Studies

Marcel N. Tutt, Dimitris Pavlidis, Ali Khatibzadeht, and Burhan Bayraktaroglutt

0 Solid-State Electronics Laboratory
Department of Electrical Engineering and Computer Science

University of Michigan
Ann Arbor, MI 48109-2122

tCentral Research Laboratories
Texas Instruments

13588 North Central Expressway
Dallas, TX 75265

tt North Carolina State University
Department of Electrical and Computer Engineering

Raleigh, NC 27695

0 ABSTRACT

The £(f) of an HBT DRO has been investigated in terms of the HBT's low frequency

0 noise and the oscillator's upconversion coefficient. Experimental studies have been used for

this purpose and the measured £(f) ranged -89dBc/Hz to -10ldBc/Hz at a 10kHz offset

frequency (-124dBc/Hz best performance at 100kHz). It was shown that, in most test cases,

the upconversion of the low frequency noise is the primary cause of £(f) in the oscillator.

The frequency dependence, of £(f), is directly impacted by the low frequency noise spectrum

rather than KF'M itself. d.C(f)/df deviates from about -30dB/decade rate, expected for

* upconversion of ideal 1/f noise, due to traps in the device. Reduced oscillator phase noise

at high collector current is attributed to improved linearity of the HBT and weaker noise

upconversion.

'This work is supported by: Contract MDA904-90-C-4096, ARO (Contract No. DAAL03-87-U-0007),
and NASA (Contract No. NAGW-1334).
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Evaluation of the Factors Determining HBT High-Frequency

Performance by Direct Analysis of S-Parameter Data

David R_ Pehlke and Dimitris Pavlidis
Solid-State Electronics Laboratory

Department of Electrical Engineering and Computer Science
University of Michigan

1301 Beal Avenue
Ann Arbor, Michigan 48109-2122

ABSTRACT

A novel parameter extraction formalism for the evaluation of Heterojunction Bipolar

Transistor (HBT) device physics is presented. The technique employs analytically derived

expressions for direct calculation of the HBT T-Model equivalent circuit element values in

terms of the measured S-parameters. All elements are directly calculated with the exception

of the emitter leg of the T-model. This approach avoids errors due to uncertainty in fitting

to large, overdetermined equivalent circuits and does not require the use of test structures

and extra measurement steps to evaluate parasitics. Detailed bias dependent results for the

directly calculated circuit elements are presented. An analysis is also reported of the short

circuit current gain that separates the transit times and RC products and allows evaluation

of their individual contribution to the measured fl and significance in limiting the HBTs

high frequency performance.

0
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Mechanisms Determining Third Order Intermodulation
Distortion in AlGaAs/GaAs Heterojunction Bipolar

Transistors I

Apostolos Samelis and Dimitris Pavlidis

Center for High Frequency Microelectronics

Solid State Electronics Laboratory

Department of Electrical Engineering and Computer Science

The University of Michigan

Ann Arbor, MI 48109-2122

Abstract: The third order intermodulation distortion (IMD3) mechanisms of

HBT's are analyzed using Volterra Series theory. A T-equivalent circuit is used for

the large-signal model of the HBT. The third order nonlinear currents generated by

the device nonlinearities are evaluated for this purpose and current cancellation is

discussed. It is found that, even though the Ci. and gi. related currents do not show

pronounced cancellation, the total base-emitter current and the total base-collector

current cancel partially. Second harmonic loading is addressed in view of IMD3

optimization while, at the same time, maintaining high gain through conjugate

matching at the fundamental frequency. IMD3 is very sensitive to the nonlinear

currents generated by gje and a. Optimum IMD3 occurs at high second harmonic

reflection coefficients corresponding to open load conditions. Finally, minimum

and maximum IMD3 occurs for second harraouic load reflection coefficient phases

close to analogous extremes of the dominant nonlinear current of the device.

'This work has been supported by Aicatel-Espace (Contract No. 393/550.760), Bell Northern
Research and ARO (Contract No. DAAL 03-87-K-0007)
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W-Band Monolithic Balanced Mixer using
InP-Based Heterostructure Diodes*

Y. Kwon, D. Pavlidis, P. Marsh, G.I. Ng and T. Brock
Center for Space Terahertz Technology &

Center for High Frequency Microelectronics
Solid State Electronics Laboratory

Department of Electrical Engineering and Computer Science
The University of Michigan, Ann Arbor, MI 48109-2122, USA

Abstract

A monolithic InP-based balanced mixer has been realized using InAlAs/InGaAs
heterostructure diodes. A minimum conversion loss of 12.8 dB with a 91 GHz LO
drive of 11 dBm has been measured with an IF of 2 GHz. This first InP-based
monolithic diode mixer opens new ways for fully monolithic integration with HEMT
functions at W-band.
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Experimental Characteristics and Performance
Analysis of Monolithic InP-Based HEMT Mixers

at W-Band*

Youngwoo Kwon, Dimitris Pavlidis, Phil Marsh,
Geok-Ing Ng and Tim Brock

Center for Space Terahertz Technology
Solid State Electronics Laboratory

Department of Electrical Engineering and Computer Science
The University of Michigan, Ann Arbor, MI 48109-2122, USA

Abstract

Experimental characteristics of monolithic InAlAs/hiGaAs HEMT mixers are
presented together with a theoretical analysis. Experiments at W-band show a
maximum conversion gain of 0.9 dB with 2 dBm of LO power level. This is the first
demonstration of a monolithic HEMT mixer with conversion gain at W-band. The
conversion gain dependence on LO power, RF frequency and gate bias is measured
and compared with the theoretical predictions. Good agreement between the theory
and experiment could be found.
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A Fully Integrated Monolithic D-band Oscillator-Doubler Chain Using InP-Based
HEMT's

Y. Kwon, D. Pavildis, P. Marsh, G.I. Ng, T. Brock, G. Munns and G. I. Haddad
Center for Space Terahertz Technology

Solid State Electronics Laboratory
Department of Electrical Engineering and Computer Science

The University of Michigan. Ann Arbor, MI 48109-2122, USA
Tel : 313 747-1778, Fax : 313-747-1781

Space-based remote sensing and radiometry require signal generation above 100 Gllz. This is
traditionally achieved by hybrid approaches using Gunn sources and diodes for signal upconversion.
The excellent high frequency performance demonstrated by InAlAs/InGaAs High Electron Mobility
Transistors (HEMT's) on InP-substrates, with f values of several hundred GHz opens new
possibilities for signal generation. Fundamental monolithic oscillators have, for example, been
realized by the authors up to W-band showing more than 1 mW power with only 36 &m gate
periphery InAlAs/InGa.As HEMT's [1]. A monolithic InP-HEMT doubler to 180 GHz has also been
demonstrated [2]. This paper is the first report on a fully monolithic oscillator-doubler chain and
signal generation at D-band using InP-HEMT's.

Large-signal HEMT modeling was used for the oscillator and doubler design. The oscillator uses
a common source HEMT configuration with a series feedback from source to ground. The necessary
condition for oscillation was provided by the microstrip interconnect lines and stubs. The termination
impedance at the drain port of the oscillator is defined by the input impedance of the doubler stage
transistor and selected for optimum power output. Proper gate width scaling was performed in the
doubler transistor for this purpose and no interstage matching was therefore necessary. Edge-coupled
lines were used for interstage DC blocking and output matching was achieved by microstrip stubs. The
D-band output signal was coupled to a waveguide using a monolithically integrated on-chip E-field
probe and no bonding was thus needed on the RF side of the chip.. The complete biasing circuitry
together with stabilizing resistors and capacitors was also integrated on the chip.

The circuits were fabricated using the in-house developed InP MIMIC technology which is based
on a mix-and-match approach including air-bridges and sputtered SiO 2 overlay capacitors. Thin 0
film resistors for biasing and stabilization were realized using 600 A-thick Titanium layer. E-Beam
lithography was employed to define 0.1pm mushroom gate lines. The total chip size is 1.82 mm x
1 mm. For testing, the circuit was mounted in a fixture with a WR-5 waveguide and aligned for
proper positioning of the E-field probe inside the waveguide. The conversion loss of the doubler was
minimized by proper selection of the HEMT-bias and was estimated to be of the order of 10 dB. The
oscillation signal was detected over a frequency range of 130.5 GHz to 132.8 GHz depending on the 0
gate bias. The output power at the chip level was dependent on the drain bias of both oscillator and
doubler and was of the order of -10 dBm to -13 dBm. This was in the range of the expected power
level for the small 45 um gate width devices used in the module.

In summary, a fully integrated monolithic oscillator and doubler chain has been successfully
implemented using submicron InAlAs/InGaAs technology. The monolithic module has on-chip bias
and integrated probes for signal radiation and operates between 130.5 and 132.8 GHz. This is the
highest frequency signal generation reported out of monolithic chips using three-terminal devices.

1 J Y. Kwon and D. Pavlidis, European Microwave Cont., pp. 161-166, September 1991.

(2 ] Y. Kwon, D. Pavlidis, P. Marsh, G. I. Ng and T. Brock, 1991 GaAs IC Symp., pp. 165-168, October, 1992. 0

*Work supported by NASA under contract NAGW-1334 and URI under contract DAAL 03-87-K-0007
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A Planar Heterostructure Diode W-Band Mixer Using Monolithic Balanced
Integrated Approach on InP

Y. Kwon, D. Pavlidis. P. Marsh, G.I. Ng and T. Brock
Center for Space Terahertz Technology

Solid State Electronics Laboratory
Department of Electrical Engineering and Computer Science

The University of Michigan, Ann Arbor, MI 48109-2122, USA
Tel : 313 747-1778, Fax : 313-747-1781

Recent advances in monolithic technology have allowed the realization of high frequency MMIC's using GaAs
and InP based semiconductor devices. Heterostructure MMIC's based on InP seem to be of prime interest
for very high frequency/low noise applications due to the unique features of InAlAs/InGaAs heterostructures.
Frequency mixing at millimeter wave frequencies has traditionally been achieved using GaAs nonplanar Schottky
diodes. "HEMT-type" diode mixers are another alternative. The diodes are in this case realized on the
same layers as the HEMT and present therefore a unique advantage, namely, planarity and compatibility with
other receiver functions utilizing HEMT's; a fully monolithic integration of all receiver functions on a single
substrate can in this way be achieved. The work reported in this paper combines the advantages of InP-based
heterostructures and "HEMT-type" diode designs. It reports on the design and experimental characteristics of
the diodes and a monolithic W-band integrated mixer built with them.

"HEMT-type" diode mixers have been implemented up to W-band (1 only on GaAs substrate. The
monolithic balanced mixer employed in this work operates at W-band, but uses instead a pair of InP-based
HEMT diodes. The circuit employs the balanced configuration using a pair of antiparallel diodes. The balanced
design is easily achievable with diodes and has the property of canceling the AM noise of the LO source. This is
a very attractive approach especially at high frequencies where the noise figure of the mixer is often determined
by a noisy LO source. The HEMT diode mixer presented in this work is the first demonstration of this type
using InAlAs/InGaAs heterostructures.

The circuit design was based on the large-signal modeling of the "HEMT"-diode using harmonic balance
analysis. Input and output matching circuits are realized in microstrip stub form and a 0*-180* rat race coupler
has been used. An antiparallel diode pair has been connected to the E and A port of the rat race coupler for
balanced operation. The circuit performance was evaluated with the help of a nonlinear analysis. The simulated
conversion loss was 9 dB with LO drive power greater than 10 dBm.

The "HEMT"-diode is formed by the Schottky junction of the gate with the source-drain ohmic terminals
of the HEMT connected together. It has three 4 pm fingers with a submicron (0.1 pm) footprint and is fully
planar. The effective anode area was 1.2 pm2. The diode shows a leakage current of-2.9 mA/mm at -7 V and
the breakdown voltage is around -9 V. The turn-on voltage is 0.35 V and the ideality factor is 1.6. The rather
small turn on voltage is due to the small Schottky barrier height of Ti on InA]As, which is also associated with
the relatively large ideality factor. The diodes were characterized using on-wafer probing and a high cut-off
frequency of 760 GHz was determined. This is much higher than typical "MESFET"-diodes and required no
sophisticated technologies as selectively doped ohmic regions.

The circuits were fabricated using the in-house developed InP MIMIC technology which is based on a
mix-and-match approach including air-bridges and sputtered SiO2 overlay capacitors. E-Beam lithography
was employed to define 0.1pm mushroom gate lines. The circuits were tested in a fixture which uses a
finline-to-microstrip transition at the 94 GHz input. IF matching was not included on-chip due to the area
considerations. This resulted in slight conversion loss degradation of the order of 3 dB. First results of measured
perrirmance of the monolithic balanced mixer indicate a conversion loss of 12.8 dB with an LO drive of 11 dBm.
The conversion loss was measured as a function of RF signal frequency and a fairly flat frequency response (within
S2 dB) was observed from 86.5 GHz to 95.5 GHz (10 % bandwidth) with the LO fixed at 91 GHz.

In summary, a monolithic balanced mixer has been successfully implemented at W-band. It employs planar
InAlAs/InGaAs heterostructure diodes instead of GaAs devices used up to now, and shows acceptable conversion
loss with flat frequency response. The results demonstrate the possibility of full monolithic integration of diode
mixer circuits in the millimeter wave range with other InP-based receiver functions of identical heterostructure
design.

1 ] K. W. Chang, H. Wang, K. L. Tan, S. B. Bui, T. H. Chen, C. S. Dow, J. Berenz, T. N. Ton, D. C. Garske, T. S. Lin and L.
C. T. Liu, IEEE Trans. MTT, pp. 1972-1979, December 1991

0 Work supported by NASA under contract NAGW-1334 and URI under contract DAAL 03-87-K-0007
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Characterization of high-quality pseudomorphic InGaAs/GaAs quantum

wells by luminescence and reflectance techniques

0

J. Pamulapati and P. Bhattacharya
Center for High-Frequency Microelectronics, Department of Electrical Engineering and Computer Science.

The University of Michigan, Ann Arbor, Michigan 48109-2122

R. L. Tober
U.S. Army Laboratory Command, Harry Diamond Laboratories, 2800 Powder Mill Road, Adelphi,

Maryland 20783-1197

J. P. Loehr and J. Singh
Center for High-Frequency Microelectronics, Department of Electrical Engineering and Computer Science,

The University of Michigan, Ann Arbor, Michigan 48109-2122

Reflectance and photoluminescence spectroscopy have been used to study the optical properties

of high quality InGal - As/GaAs (0. 13-<x<0.30) single quantum wells. The results show

strong agreement with the theoretical model used taking into account the strain potential. The

agreement of the theoretical model, though, deviates from the experimental results for large

values of excess strain in the well. For the case of the large strain (x = 0.30) the reflectance

indicates the strain in the well is hydrostatic rather than biaxial. The relevance of this fact is

discussed in relation to device performance.
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Differential photocurrent spectroscopy: A novel technique
for semiconductor characterization

Richard L Tober
Harry Diamond Laboratories, U.S. Army Adelphi Laboratory Center, 2800 Powder Mill Road,
Adelphi, Maryland 20783-1197

W. Q. Li and P. K. Bhattacharya
Department of Electrical Engineering and Computer Sciencem University of Michigan.
Ann Arbor, Michigan 48109-2122

Differential photocurrent spectra of various InCGa1 _l-As diodes demonstrate that modulated
photocurrent techniques can easily be used to characterize p-i-n and Schottky diode
structures. The spectra were obtained in such a way as to produce a first derivative with
respect to either the photon energy or an electric field. A simple model yields an expression for
the differential photocurrent spectra in terms of the derivative functional form normally
used to fit modulated spectra. Therefore, the sharp spectral features produced with these
techniques can be used to determine not only band-gap energies and spectral linewidths
but built-in electric fields as well.
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Optical time-of-flight measurement of carrier transport In 0
GaAs/AIxGal-xAs and In0 .53Ga 0 .47As/Ino.5 2AI0 .4sAs multiquantum wells

S. Gupta, L Davis, and P. K. Bhattacharya
Solid State Electronics Laboratory and Ultrafast Science Laboratory. Department of Electrical
Engineering and Computer Sdencc University of Michigan. Ann Arbor. Michigan 48109-2122
(Received 19 September 1991; accepted ror publication 6 January 1992)

An all-optical time-of-flight technique is used for measuring perpendicular carrier transport in
semiconductor heterostructures and multiquantum wells (MQWs). This technique is based on 0
measuring a change in surface re'lectance due to the absorption nonlinearities induced by the
carriers, and has a temporal resolution of -1 ps. Typical results on a GaAs/AlxGa _- As
MQW and an 1n0 •53Ga0 .47As/In0 5 2Al0 .4SAs MQW are compared. The observed fast transport
times can only be explained by a field-dependent carrier emission out of the quantum well, after
which transport through the continuum states can occur. Due to larger barriers in the 0
lno.5jGao.47As/In0 .5 2Al0 .4gAs system, this intrinsic limit to transport is much larger, and hence
these devices are observed to be slower than their GaAs/AlzGat MAs counterparts.
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Structural characterization of low-temperature molecular beam epitaxial
In0.52Al0.48As/lnP heterolayers

A. Claverie,l) K. M. Yu, W. Swider, and Z. Liliental-Weber
Materials Science Division. Lawrence Berkeley Laboratory, Berkeley California 94720

M. O'Keefe and R. Kilaas
National Center for Electron Microscopy. Lawrence Berkeley Laboratory. Berkeley. California 94720

J. Pamulapati and P. K. Bhattacharya
Solid State Electronics Laboratory. Department of Electrical Engineering and Computer Science. The
University of Michigan, Ann Arbor, Michigan 48109-2122

A systematic study of the structural quality and arsenic content of as-grown In0 .52Alo.48As/InP
layers deposited on InP by molecular beam epitaxy at temperatures between 150 and
450 "C was performed using transmission electron microscopy and particle-induced x-ray
emission. We found that the amount of As incorporated in the layers generally
increases with decreasing growth temperature, with the crystalline quality of the layers being
good at growth temperatures higher than 200 C. At 150 'C, a large density of pyramidal

0 defects is formed, the defects are r.ýlated to the very large amount of excess As incorporated
into the layer. The mechanisms leading to the formation of these defects are discussed.
At 200 "C, however, the amount of excess As is lower than expected, and wavy streaks of
diffuse scattering are seen in electron diffraction. It is shown that small ordered domains
of the CuPt type on the iI atoms are responsible for these features.
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Raman scattering from heavily doped (311) GaAs:Si grown by molecular
beam epitaxy 0

S. H. Kwok and R. Merlin
The Harrison M. Randall Laboratory of Physics. The University of Michigan. Ann Arbor.
Michigan 48109-1120

W. 0. Li and P. K. Bhattacharya
Solid State Electronics Laboratory, Department of Electrical Engineering and Computer Science,
The University of Michigan. Ann Arbor. Michigan 48109-2122 0

Raman scattering by localized vibrational modes and plasmons has been used to characterize 0

heavily p- and n-type silicon-doped (31 I)A GaAs layers grown by molecular beam epitaxy.

Consistent with the doping character, p-type samples show two modes associated with Si(As)

and the complex defect Si-X. Acceptor-related lines were not observed in n-type samples, an

indication that compensation levels in the layers are very low. The results are discussed in
relation to growth conditions on (31 I)A surfaces.
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Molecular Beam Epitaxial Growth and Characterization of
* Silicon Doped AlGaAs and GaAs on (311)A GaAs

Substrates and their Device Applications

* W.Q .Li and P.K. Bhattacharya
Solid State Electronics Laboratory

Department of Electrical Engineering and Computer Science
The University of Michigan, Ann Arbor, MI 48109-2122

S.H. Kwok and R. Merlin
The Harrison M. Randall Laboratory of Physics

The University of Michigan, Ann Arbor, MI 48109-1120

ABSTRACT

We have investigated the possibility of reliable and reproducible p-type doping of

(311)A GaAs by Si during molecular beam epitaxial growth and the application of

such doping in the realization of high performance electronic devices. It is seen that

p-type doping upto a free hole concentration of 4 x 1019 cm-' can be obtained-under

conditions of low As 4 flux and high (> 6600C) growth temperatures. N-type doping

upto a level of 1 x 1019 cm- 3 is obtained at low (_5 500°C) growth temperature and

high As4 flux. The p-type doping is extremely reproducible and the incorporation of

Si atoms into electrically active As sites is at least 95%. The doping behavior has

been studied and confirmed by Raman spectroscopy. N-p-n heterojunction bipolar

transistors grown by all Si doping exhibit excellent current voltage characteristics and

a common emitter current gain fl = 240. Doped channel p-type heterojunction field

effect transistors have transconductance g,- = 25 mS/mm.
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Optically Induced Energy Shifts of Excitonic
Resonances in Single[1 11]B and [100] InGaAs

Quantum Wells

R. Tober, T. Bahder, W. Q. Li and P. Bhattacharya

NO ABSTRACT AVAILABLE
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Molecular Beam Epitaxial GaAs/A1GaAs
Heterojunction Bipolar Transistors

on (311) A GaAs Substrates with
All-Silicon Doping

W. Q. Li and Pallab K. Bhattacharya, Fellow, IEEE

Abstract-We have investigated the characteristics and repro-
ducibility of Si-doped p-type (311)A GaAs layers for application
to Ineterojunction bipolar transistors (HBT's) grown by molecu-
lar beam epitaxy (MBE). We have obtained p = 2.2 x 109
cm 3 in a layer grown at 670°C. We have used all-Si doping to
grow n-p-n transistors. These devices exhibit excellent dc charac-
teristics with 3 = 230 in a device with base doping of p = 4 x
108s cm-3.
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DC and Microwave Performance of a 0. 1-Am
Gate InAs/Ino.52 0Alo4 8As MODFET

D. Yang, Y. C. Chen, T. Brock. and Pallab K. Bhattacharya. Fellow, IEEE

Abstract-We have measured and analyzed the performance
characteristics of 0.1-itm gate InAs/Ino.52 AI0 .48 As MODFET's
grown by molecular beam epitaxy. The transistors are character-
ized by measured gm (max) = 840 mS/mm, fT = 128 GHz, and
a very high current carrying capability, e.g., Id,, = 934 mA/mm
at V... = 0.4 V and VdS = 2.7 V. The value of fT is estimated
from extrapolation of the current gain (H 21) at a -6-dB/octave
rolloif. This is the first report on the microwave characteristics
of an InAs-channel MODFET and establishes the superiority of
(his heterostructure system.
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Characteristics of 0.8 vrm and 0.2 im Gate Length

In.Gal- As/Ino.s2 A1O4AAs/InP (0.53 < z < 0.70) Modulation Doped Field
Effect Transistors at Cryogenic Temperatures

R. Lai, P. K. Bhattacharya, D. Yang and T. Brock

Center for High-Frequency Microelectronics and Solid State Electronics Laboratory
The University of Michigan, Ann Arbor, MI 48109-2212

S. A. Alterovitz and A. N. Downey
Space Electronics Division, NASA Lewis Research Center

Cleveland, OH 44135

ABSTRACT

We have investigated analytically and experimentally the performance characteris-

tics of InP-based InzGa1 -. As/Ino.5 2Al0.4sAs (0.53 < z < 0.70) pseudomorphic modulation-

doped field-effect transistors (MODFETs) as a function of strain in the channel, gate-

length and temperature. The strain in the channel was varied by varying the In com-

position x. The temperature was varied in the range of 40-300K and the devices have

gate lengths, L., of 0.8 um and 0.2 pm. Analysis of the device was done using a one-

dimensional self-consistent solution of the Poisson and Schrodinger equations in the

channel, a two-dimensional Poisson solver to obtain the channel electric field and a

Monte Carlo simulation to estimate the carrier transit times in the channel. An in-

crease in the value of the cutoff frequency is predicted for an increase in In composition,

a decreased in temperature and a decrease in gate-length. The improvement seen with

decreasing temperature, decreasing gate length and increasing In composition were

smaller than those predicted by analysis. The experimental results on pseudomorphic

InGaAs/InAlAs MODFETs have shown that there is a 15-30% improvement in cutoff

frequency in both the 0.8 and 0.2 pm gate length devices when the temperature is

lowered from 300K to 40K.
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The Growth of High Quality InP/InGaAs/InGaAsP Interfaces
by CBE for SCH Multi-Quantum Well Lasers

M. E. SHERWIN, D. T. NICHOLS, G. 0. MUNNS, P. K. BHATrACHARYA and
G. I. HADDAD

Center for High Frequency Microelectronics
Electrical Engineering and Computer Science Dept.
The University of Michigan, 2435 EECS Building, Ann Arbor, MI 48109-2122 0

Bulk InGaAsP and heterointerfaces of InP/InGaAs and InGaAsP/InGaAs have been
grown by chemical beam epitaxy for use in multi-quantum well separate confinement
heterostructure lasers. InGaAsP has been successfully grown for A = 1.1, 1.2 and 1.4
gm. The TMI and TEG incorporation coefficients have strong dependencies on substrate
temperature and also charge as the InGaAsP composition tends towards InP. InP/InGaAs
and InGaAsP/InGaAs quantum wells have been grown to determine the optimum gas
switching se,.uence to minimize the measured photoluminescence FWHM. InGaAs
quantum wells as narrow as 0.6 nm have been grown with 7K FWHM of 12.3 meV.
Lattice matched MQW-SCH lasers were grown using different interface switching se-
quences with the best laser having a threshold current density of 792 A/cm 2 for an 800
X 90 jum broad area device.

Key words: CBE, InGaAsP, MQW-SCH lasers
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Theoretical and Experimental Studies of the Effects of Compressive and
Tensile Strain on the Performance of InP-InGaAs

Multiquantum-Well Lasers

D. Nichols, M. Sherwin. G. Munns, J. Pamulapati. J. Loehr, J. Singh, P. Bhattacharya, and M. Ludowise

Abstract-We have studied, both theoretically and experi-
mentally, the effects of biaxial strain upon the performance
characteristics of broad-area InP-InGaAsP-In, Gal -,As (0.33
_< x < 0.73) separate confinement heterostructure multiquan-

turn-well lasers. The theoretical calculations include the effects
of strain on the bandstructure and the Auger recombination
rates. We observe a pronounced dependence of the threshold
current density Jth upon x. The lowest measured Jth is 589 A/cm2

in an 800 prm laser with x = 0.68. Also, internal quantum effi-
ciencies as high as unity and loss coefficients as low as 5.6 cm-
have been measured for x = 0.58.
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CBE Growth of High quality InALAs Using TMAA

M. E. Sherwin and G. 0. Munns

Solid State Electronics Laboratory
Department of Electrical Engineering arnd Computer Science

The University of Michigan. Ann Arbor, MI 48109-2122

Despite its application in a wide variety of devices including
HEMTs, HBTs, and lasers, there have been no reports of InALAs
grown by CBE. This is the first report of InALAs grown by CBE
using the novel precusor trimethyl amine alane (TMAA). Trimethyl
amiine alane (AlH 3N(CH 3)3) which has no aluminum carbon bonds

(as does tri ethyl aluminum) has several advantages over TEAl
including a higher vapor pressure and less transport of oxygen to
the growth surface. 1

Bulk InALAs has been grown with 300 K background carrier
concentrations -8E14 cm-3 and mobility of 1000 cm2/Vs. The
layers are lattice matched to InP with I Aa/a]< 5e-4, with a best
17K bulk photoluminescence FWHM of 18.5 meV. A large number
of Pendellosung fringes (7) has been observed during X-ray
diffraction, indicating the high crystalline quality of the films.
Exploration of growth parameter space has shown that the relative
incorporation of Al and In Is quite sensitive to the V/Ill ratio. With
increasing arsine flow the layers become indium rich. At 530°C we
have also observed a saturation of the growth rate as the total group
III flow rate is increased. In contrast to the observed sensitivity to
V/III ratio, the substrate temperature window is quite large. -75oC,
with good crystal quality down to 5050C. Below this tempeature
the x-ray diffraction peak becomes very broad, indicating that the
crystal quality is greatly reduced, even though the growth rate
remains constant. The interplay between surface chemical kinetics
and surface mobility wilU be discussed.

Uncoupled quantum wells of various thicknesses have been
reproducably grown as thin as two monolayers, 6 A, with a
corresponding 17 K energy shift of 570 meV and a FWHM of 18
meV.

Pseudomorphic HEMTs have been grown with room
temperature (77K) carrier concentrations of -2e12 cm-2 with a
corresponding mobility of 10,250 cm2/Vs (43,000 cm2/Vs). DC
and microwave device results will be presented.

'This work was supported by' the U.S. Army Research Office under contract No. DAAL03-87-K-0007..
1 C.R. Abernathy. A.S. Jordan. S.J. Pearton. W.S. Hobson. D.A. Bohling and G.T. Muhr, AppL Phys.
Lett. 56 (26). 2654 (1990).
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The growth of InGaAsP by CBE for SCH quantum well lasers
operating at 1.55 and 1.4 Am

M.E. Sherwin, G.O. Munns, D.T. Nichols, P.K. Bhattacharya and F.L. Terry, Jr.
Center for High Frequency Microelectronics, Electrical Engineering and Computer Science Department, 2435 EECS Building.
The Unicersity of Michigan, Anm Arbor. Michigan 48109-2122, USA

lnGaAsP has been grown by CBE at compositions of 1.1, 1.2 and 1.4 gm for the development of MQW-SCH lasers. The
observed incorporation coefficients for TMI and TEG show strong temperature sensitivity while the phosphorus and arsenic
incorporation behavior is constant over the substrate temperature range explored, 530 to 580"C setpoint. For higher substrate
temperatures the growth rate increases with the largest growth rates occurring for the 1.4 jum quaternary. Low temperature
phlotolhmincscencc indicates the possibility of compositional grading or clustering for the I.! gm material and also for the 1.2 jum
material grown at the lowest suhstrate temperature. The final laser structure was grown with the InP cladding regions grown at
58*i"C with the inner cladding and active regions grown at 555*C. Using this approach we have successfully grown MQW-SCH
lasers with the composition of the active lnGa 1 -,As ranging from x - 0.33 to x - 0.73. Threshold current densities as low as 689
A/cm2 have been measured for an 8W0 Mm g90 pm broad area device with x -0.68.
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InAlAs/InGaAs/InP sub-micron HEMTs grown by CBE

G.O. Munns, M.E. Sherwin, T. Brock, G.I. Haddad, Y. Kwon, G.I. Ng and D. Pavlidis
Center for High Frequency Microelectronics, 1135 EECS Building, The University of Michigan. Ann Arbor, Michigan 48109-2122

The InAlAs/InGaAs/InP high electron mobility transistor (HEMT) lattice matched to InP offers excellent high frequency.
noise operation for MMICs and low-noise amplifiers. The InP channel in the InP/InAIAs HEMT offers the advantage
improved high field velocity and higher breakdown voltages (the potential for higher power applications) over InGaAs char
HEMTs. InAlAs has been grown for the first time by CBE using TMAA producing InGaAs/InAlAs and InP/InAIAs HEN;
Sub-micron InGaAs/InAlAs HEMTs with planar Si doping have been fabricated with f, values of 150 GHz and f.. values of
GHz. This device showed excellent pinch-off characteristics, with a maximum transconductance of 890 mS/mm. The planar dor
InGaAs channel HEMT had a higher f, than a similar uniformly doped device. However, the non-optimized structure of the pla:
doped device resulted in a large output conductance of 120 mS/mm, limiting f.,,, for that device. A sub-micron IrP chan
device was grown with a quantum well channel and double-sided planar Si doping. A sheet charge density of 4.4 x 1C0" cm -" a
associated room temperature mobility of 2800 cmn/V.s were achieved: however, the saturation current was low. The most lilk.
causes for this are diffusion of the planar doping beneath the channel and the poor quality of the InP on InALAs interface at t
bottom of the quantum well channel.
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Novel Self-Aligned Offset P-Gate InAlAs/InGaAs HEMT's Grown by Chemical Beam
Epitaxy*

Y. Kwon, T. Brock, G. I. Ng, D. Pavlidis

and
G. 0. Munns, M. E. Sherwin, G. 1. Haddad

Solid State Eiectronics Laboratory
Department of Electrical Engineering and Computer Science

The University of Michigan, Ann Arbor, MI 48109-2122, USA

InAlAs/InGaAs HEMT's using self-aligned T-gates have achieved fT's ac high _ 250 GHz [1]. High fos values can
be obtained by offsetting the gates towards the source and f-, = 350 GHz has been reported using this approach in
A)GaAs/InGaAs HEMT's [2]; a lower parasitic source resistance and a higher g,/gd, and c9,/cod ratio are responsible
for the f,,,., enhancement. In this work, a novel self-aligned offset F-gate (shown in Fig. 1) is employed which unlike
previous techniques [I], maintains the self-aligned features while profiting from the advantages of offsetting the gate.
Furthermore, the 0.25 pm offset self-aligned gate HEMT's were fabricated for the first time on layers grown by chemical
beam epitaxy (CBE) and showed performance comparable to that obtained by MBE.

InAlAs/InGaAs was grown by CBE on semi-insulating InP substrates using triethyl-gallium, trimethyl-indiurn,
trimethyl-amine-alane (TMAA) and arsine. CBE offers an attractive method for growing InP-based HEMT's due to
the semi-infinite sources and the ability to utilize phosphorous, as "n MOVPE, along with the molecular beam nature
and monolayer interface abruptness of MBE. An undoped InGaAs cap iayer was used to improve the power gain of
the device (3] and planar doping was employed in the InAlAs donor layer.

The offset self-aligned r-gate technology has been developed using a tri-layer E-beam resists and double exposure
technique. A tri-layer structure consisting of a bottom 950 K PMMA, a middle 496 K IMMA and a top copolymer
P(MMA-MAA) has been used to obtaia a r-gate with a tall pedestal and high aspect ratio. The middle 496 K PMMA
was adopted to have the necessary profile for better gate yield; the gate yield over the wafer was greater th3n 80 %.
The offset gate was formed by lift-off of Pt/Ti/Pt/Au. After gate metalization, the ohmic metals were deposited.
followed by two-step rapid thermal annealing at 250°C-7sec and 325*C-7sec. In order to study the effect of offiettjng
the gate, the gate-to-drain separation (Lid) was varied from 0.2 pm to 0.4 pm, while the gate-to-source (L5,) was
fixed at 0.2 pm. The position and width of the top opening was precisely controlled with the help o! selective exposure
msing a lower-dose rectangular scan.

The DC characteristics of the offset self-aligned gate HEMT with Lgd = 0.4 pjm are shown in Fig. 2. The
device shows the DC transconductance of 750 mS/mm and output conductance of 83 mS/mm. The Schottky diode
characteristics are also shown in Fig. 3. A high turn-on voltrage (0.5-0.6V) and very low reverse leakage current (0.68
mA/mm at -5 V) can be observed. The microwave properties of the HEMT's were measured by on-wafer probing.
From the measured S-parameters, the small-signal equivalent circuit was extracted using a direct extraction technique
based on "cold" and "hot" measurements. This allows one to obtain results with better physical significance. Fig. 4
shows the measured and modeled microwave results for Lid = 0.4 pm. The summary of microwave data is presented
in Table 1. fT varies from 127 GHz to 119 Gez while the g,,,/gd, and c.,/cpd ratios increase frr,.n 9.3 ard 7.8 to 23.4
and 12.0 with Lid changing from 0.2 to 0.4 pm. As a result, "m.. values increase from 202 to 251 G!:: The f,,o,/fT
ratios are 1.6 for the centered gate and 2.1 for the offset self-aligned gate demonstrating the L,.. enhancement that
can be achieved by gate offsetting. With a different doping density in the barrier, fm,,,/fT ratio as high as 2.7 has
been achieved.

In summary, a high fme./fT ratio and good microwave characteristics have been achieved using 0.25 pm
offset self-aligned InAlAs/InGaAs HEMT's grown by CB.

Work supported by NASA (Contract No. NAGW-1334) and ARO (Contract No. DAAL 03-87-U-0007)

[I L. D. Nguyen et al, IEDM. Tech. Dig., pp. 499-502, 1990.

(2 1 L. F. Lester et &l, IEDM. Tech. Dig., pp. 172-175, 1988.

[3 Y. C. Pao et al, IEEE Trans. on ED, pp. 312-314, 1990.
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Superlattice Barrier Varactors* 0

C. Raman, J. P. Sun, W. L. Chen, G. Munns,
J. East and G. Haddad

Solid State Electronics Laboratory 0
University of Michigan, Ann Arbor, Michigan

Abstract 0

SBV (!jingle Barrier Varactor) diodes have been proposed as alternatives to Schottky
barrier diodes for harmonic multiplier applications. However these show a higher current
than expected. The excess current is due to X valley transport in the barrier. We will

present experimental results showing that the use of a superlattice barrier and doping
spikes in the GaAs depletion regions on either side of the barrier can reduce the excess

current and improve the control of the capacitance vs. voltage characteristic.
The experimental results consist of data taken from two types of device structures.

The first test structure was used to study the performance of AIAs/GaAs superlattice 0
barriers. The wafer was fabricated into 90 micron diameter mesa diodes and the resulting

current vs. voltage characteristics were measured. A 10 period superlattice structure
with a total thickness of approximately 400 A worked well as an electron barrier. The

structure had a current density of about one A/cm2 at one volt at room temperature. The

capacitance variation of these structures was small because of the design of the GaAs

cladding layers. The second test structure was used to study cladding layer designs.

These wafers were InGaAs and InAlAs layers lattice matched to an InP substrate. The

layers have n+ doping spikes near the barrier to increase the zero bias capacitance and
control the shape of the capacitance vs. voltage characteristic. These structures have a 0
capacitance ratio of 5:1 and an abrupt change from maximum to minimum capacitance.

The measurements were made at 80 K. Based on the information obtained from these two
structures, we have designed a structure that combines the low current density barrier
with the improved cladding layers. The capacitance and current-voltage characteristics

from this structure axe presented.

"This work was supported by the Center for Space Terahertz Technology under NASA Contract No.
NAGW-1334 and by the URI-ARO Program Contract No. DAAL03-87-K-0007.
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Investigation and Optimization of InGaAs/InP
Heterointerfaces Grown by Chemical Beam Epitaxy U
Spectroscopic Ellipsometry and Photoluminescence

M. E. SHERWIN, F. L. TERRY, Jr., G. 0. MUNNS, J. S. HERMAN, E. G. WOELI-
and G. I. HADDAD

Center for High Frequency Microelectronics
Electrical Engineering and Computer Science Dept.
The University of Michigan, 2435 EECS Building, Ann Arbor, MI 48109-2122

Spectroscopic ellipsometry (SE) has been used to investigate transition layers for
GaAs/InP heterointerfaces. For the case of InGaAs on InP, we have found that -
samples can be best modeled by a strained InuGal-.As film with the possible preser
of a thin interface region (<15A). We are unable to conclusively determine the existe.
of such a thin transition region. For InP on InGaAs, we find clear indications of
contamination in the bulk film, and that the addition of a thin interface region
lno.T7 GaomAsý.5Po_ improves both the numerical fit and shape of the dielectric respor
curves, especially around El and E, + A,, where the effects of a transition region -
most pronounced. However, difficulties in modeling the dielectric response of the cc
taminated InP film make identification of an interface transition region only specu.
tive at this point. Multiple single quantum well structures have also been grown a:
analyzed with 7K photoluminescence. The quality of the quantum wells shows stro
dependence on the gas switching sequence used at the heterointerfaces. The best switc
ing sequence produced a 0.5 nm well with a 7K FWHM of only 12.3 meV. Multir
quantum wells have also been grown to investigate the uniformity and repeatability
our system. Twenty period MQWs with a well width of 1.6 rn display a 14K FWE
of 7.9 meV.

Key words. Spectroscopic ellipsometry, chemical beam epitaxy, InGaAs, InP, Inte
faces
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The Growth of InAIP Usifig Trimethyl amine alane by Chemical Beam Epitaxy *

G, 0. Munns, W. L Chen. M. E. Sherwin. and G. I. Haddad

Center for High Frequency Microelectronics. 1135 EECS Buildlng.The University of Michigan.

Ann Arbor, Michigan 48109-2122, USA

The growth of InAIP and related compounds such as InGaP lattice matched to GaAs has attracted
a great deal of Interest for optoelectronic devices emitting In the range from 638 to 700 nm and for
electronic devices such as the heterojunction bipolar transistor. Although some gas source MBE work
has been performed in this material system. very little CBE work has been done. largely attributable to
the lack of a suitable aluminum source. This Is the first report of trimethyl amine alane (TMAA) being
used to grow InAIP. TMAA offers advantages of less carbon incorporation and less oxygen sensitivity
compared to triethyl aluminum. trt isobutyl aluminum, or trimethyl aluminum.

Trhmethyl amine alane has been used to grow AIGaAs HBTs and more recently to grow
InAlAs/InGaAs HEMTs by CBE. One of the principal strengths of CBE is Its ability to handle
phosphorus based compounds efficiently, offering excellent Interface control. InAIP films with carbon

concentrations below 7x10 1 7 cm' 3 lattice matched I &a/a I < 2x10-3 with good surface morphology have
been grown. Double crystal x-ray diffraction exhibits a single epi peak with a full width at half max of 46
arcseconds with multiple Pendellosung fringes. The epitaxial films are semi-insulating, completely
depleted for thicknesses up to 1.6 microns. Oxygen levels measured by secondary Ion mass spectroscopy
are somewhat higher than levels measured In InAlAs llms (-2.5xI0 18 cm -3) lattice matched to InP. The
likely source of this oxygen is the hydride precursor as has been shown for the growth of InAlAs.

As the substrate temperature Is raised in,. films become increasingly indium-rich. Breaking the
growth rate down Into its constituent binaries indicates an enhanced TMI incorporation rate. The
quality of the films as measured by x-ray full width at half max and the surface morphology is extremely
sensitive to substrate temperature. A very narrow window exists for the growth of good quality material in
the range from 535 to 5450 C.
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Ohmic Contact Study for Quantum Effect Transistors and
Heterojunction Bipolar Transistors with InGaAs Contact Layers

W. L. Chen, J. C. Cowles, G. I. Haddad, G. 0. Munns,
K. W. Eisenbeiser and J. R. East

Center for High Frequency Microelectronics
Department of Electrical Engineering and Computer Science

The University of Michigan, Ann Arbor, MI 48109-2122

Abstract

Two ohmic contact systems for quantum effect devices and heterojunction bipolar

transistors (HBTs) were investigated and compared. Ni/Ge/Au/Ti/Au and Pd/Ge/Ti/A1

were characterized for diffusion length after annealing and specific contact resistivity on

chemical beam epitaxy grown In0 .53Ga0 .47As. It was found, in general, that the diffusion

length could be controlled by varying the total metal thickness and that the specific contact

resistivity maintained reasonably low values as long as the compositional ratio of each

system remained constant. The diffusion length for Ni/Ge/Au/Ti/Au ranged from 1000 A

to 2000 A and that of Pd/Ge/Ti/Al was approximately 300 A. In both cases the specific

0 contact resistivity on n-type InGaAs was 5 xl0-T1fcm 2. Furthermore, the Pd/Ge/Ti/Al

was applied to p-type InGaAs and showed a specific contact resistivity of 3 x 10"6 0cm2 .

Finally, both systems were used to fabricate an InGaAs/inP hot electron transistor and an

InAIAs/InGaAs HBT with excellent dc results.
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Uniformly Doped and Delta Doped InAlAs/InP HEMT 0

Structures Grown by Chemical Beam Epitaxy

M. E. Sherwin, G. 0. Munns and F. L. Terry, Jr.

NO ABSTRACT AVAILABLE

0
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Processing of Materials

* S. W. Pang

NO ABSTRACT AVAILABLE
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E:ching of Phororesist Using Oxygen Plasma Generared by a Muitipoiar £ec:ron

Cyclotron Resonance Source

S. W. n, K. T. Sung, and KK. Ko

Solid Sr=- E7ec.cnics Labcrrmr.v

De:ar"ent of ccal Eazn=e•ng and Comnuter Scienct

The Uive.-siry of Michigan

Ann Axbor, .Z 43109-2122

Abstract

Exhing of photoresist in an 02 plasma gene.r-aed by an e2ectmn cycotron resonance source

(ECR) was investigae The ECR source was a. micrwave multipolar reactr at 2.45 Gdz and

the stage was connected to a. if power supply at 13.56 N ,flz Eects of mi=owave power, xf

power, ECR source to sample distnce, and pressure on photoresist etch rate were charac'ized.

It has been. found that the phomresist ecrh rate inc:eases with microwave and if power, but

de=ases with soure= to sample distanc- Wtuh microwave power at 1000 W and if power at

300 W, smooth morphology and fast etch raze at 1.61 jim/win were obtained. Self-induc-d dc bias

volage increases with rf power and source to sample distance but dec:rases with microwave

power. Etch rate uniformity bettr than 0.5% was obtained across 7.5 cm diameter wafrr even

with a very close soutce to sample distance of 3 cm. Etch profe can be varied depending on the

etch conditons. Vertima1 profe in polyimide has been obtained using a toayer resist scnem.
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Comparison Between Etching in Cl2 and BC13 for Compound Semiconductors

* Using A Multipolar Electron Cyclotron Resonance Source

S. W. Pang and K. K. Ko

Solid State Eiec~onics Laboratory

Denartment of Electical Enýneering and Computer Science
* The University of MNichigan

Ann Arbor, MI 483109-2122

Abstract

Controllable dry etching of GaAs and InP using a multipolar electron cyclotron resonance

(ECR) source and a if-powered electrode was investigated. The etch characteristics were studied

as a function of microwave power, rf power, distance from the ECR source, pressure, and

temperature. Etch rate is found to increase with microwave power initially, then decrease at higher

microwave power due to reduction in ion energy. Surface morphology becomes rougher and etch

profile is more undercut at higher microwave power, but can be improved using higher if power or

by Ar addition. As the ECR source distance increases, the concenration of ions and neutral

species decrease, but the ion energy increases. Therefore, when etching is limited by the arrival

rat of reative radicals, etch rate decreases with source distance. When the process is limited by

the ion-enhanced reaction or removal rates, etch rate increases with source distance. Etch rate and

self-induced dc bias voltage (Vd) typically increase with pressure. The increase in IVdJ is

believed to be caused by the lower ion flux at higher pressure. However, when the reactive

species concenhaons and the ion energy are low, etch rate decreases with pressure. Low

pressure was observed to favor smooth surface morphology and vertical etch profile. Etch rams

for both GaAs and InP increase with tempemanre, with IoP etch ra= exceeding GaAs at 380°C.

Usinga• Cl2/Ar mixture with 10% C2,70 W rfpower and 25 W microwave power at 0.5 rtort,

0.1-im-wide features that am 1-un-deep have been fabricated in GaAs with vertical profile and

smooth surface morphology.
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APPLICATION OF HIGH-QUALITY SiO 2 GROWN BY MULTIPOLAR ECR

SOURCE TO Si/SiGe MODULATION DOPED FET

K. T. Sung, W. Q. Li, S. H. Li, S. W. Pang, and P. K. Bhattacharya

Solid State Electronics Laboratory

Department of Electrical Engineering and Computer Science

University of Michigan, Ann Arbor, MI 48109-2122

ABSTRACT

A 5-nm-thick gate SiO2 was grown at 26°C with oxygen plasma generated by a

multipolar electron cyclotron resonance source. The ultrathin oxide has breakdown field

>12 MV/cm and fixed charge density -3x10 1 0 cm-2. A Si(p+)/Si0.8Ge0.2

modulation-doped heterostructure was grown by gas source molecular beam epitaxy and

the thin oxide layer was used as a Schottky gate barrier layer. The device with

1.5 pum x 50 1m gate shows maximum drain current of 20 mA/mm and peak

transconductance of 3.5 mS/mm. No gate leakage was found even at high gate-source

bias voltage, indicating that this o,,ide growth technique is very promising for

high-performance devices.

A
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Effects of Processing Induced Fluctuations on the
Optical Properties of InGaAs/AlGaAs Quantum

Boxes Created by Dry Etching and Epitaxial Regrowth

K.K. Ko, L. Davis, W-Q. Li, T. Brock, S.W. Pang, J. Singh, and P.K. Bhattacharya
Solid State Electronics Laboratory,

Department of Electrical Engineering and Computer Science,
The University of Michigan, Ann Arbor, Michigan 48109-2122, USA

Tel. (313) 763-6132, FAX (313) 747-1781

ABSTRACT

Remarkable new phenomenon with implications in both physics and devices are promised
by quasi 1-D and quasi 0-D structures. Quasi-lD systems, for example, have a tremendous
potential for high speed electronic devices and extremely low threshold current lasers. The
excitonic properties of such structures also promise to be quite remarkable. The effect of
processing induced disorder on the properties of these lower-dimension quantum confined
structures is not well-known or understood at the present time. The fabrication steps can
induce surface and interface roughness due to imperfect growth and defects and disorder
due to non-optimal processing. The effects of such perturbations from the perfect 'textbook'
scenario is to alter the electronic and optical properties of the structures. The extent of this
perturbation is not exactly known and may even wipe out the expected advantages.

The purpose of the present study is to examine, theoretically and experimentally, the
cause and extent of processing induced disorder, the effect of such disorder on the optical
properties of quantum boxes, and to eventually minimize process induced fluctuations. In
the theoretical formalism the valence band is described by a 4x4 k. p formalism and the
full three-dimensional confinement problem is solved.

The buried quantum boxes are being realized by a combination of MBE growth of pseudo-
morphic Ino.1Gao.gAs/Alo.1 sGa0 .ssAs quantum wells, followed by electron beam lithography
and dry etching by an ECR source to define the boxes, and finally epitaxial regrowth. The
finished samples are schematically shown in Fig. 1. The quality of the structures are ex-
tremely sensitive to epitaxial regrowth, which produces a disordered region at the regrown
interface. Therefore the etching and regrowth procedures play an important role. We find
that a good calibration parameter is the optical quality of the regrown AlGaAs.

The buried quantum boxes of approximately 350 A diameter and 600A height (4 periods of
QW) were characterized by low-temperature photoluminescence measurements. The results
are shown in Fig. 2. The distinct luminescence from the quantum boxes is red-shifted from
the QW luminescence. We believe this could be due to bandtail states created by disordered
interfaces or the interface depletion field which can cause the quantum confined Stark effect.
We are analyzing these effects in details. Work on the changes in the optical properties
due to variation in processing and their effects on the electro-optic properties of the 0-D

structures is in progress and will be presented.

Work supported by the Office of Naval Research and the Army Research Office

Key words: Quantum box, epitaxial regrowth, reactive ion etching, photoluminescence, struc-
tural disorder.
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X-Ray Photoelectron Spectroscopy Surface Study of In.P RIE Etched with BC13
and Argon

Alexandros T. Demos, and H. Scott Fogler
Department of Chemical Engineering

Michael E. Elta
Department of Electrical Engineering and Computer Science 0

The University of Michigan
Center for High-Frequency Microelectronics

Ann Arbor, MI 48109-2122 0
Phone No. (313) 747-1782

ANktract

X-Ray Photoelectron Spectroscopy (XPS) was used in a surface study of RIE
etched InP. The gas etchants used were BCI3 and argon. The etching conditions
used produced an indium chloride layer on the InP substrate. Both angle-resolved
and sputter depth profiling with XPS were performed to characterize this indiumr
chloride reaction layer. The analysis was aided by showing the Cl/In and P/In
ratios of atomic concentrations. At the wafer surface we see a Cl/In ratio near three
and P/In ratio near zero. Deeper into the layer, the Cl/In ratio goes to zero and the

the P/In ratio approaches one. By cycling with sputter etching and RIE etching we 0
obtained etch rate enhancements over our RIB etch rate. From XPS spectra, it was

found that the indium chloride layer is removed by the sputter cycle. Also studied

in this paper were how long a steady state layer takes to form for InP. The data

indicates that mIP becomes chlorinated in minutes. The XPS analysis also showed
that different etching conditions produced thicker films with different etch rates.
The trend of thicker indium chloride layer with small etch rate was observed.
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High temperature kinetic study for the reactive ion etching of
* InP in BC13 Ar/ 02

Alex T. Demos, H. Scott Fogler
Department of Chemical Engineering

Jeffrey Fournier, Michael E. Elta
Department of Electrical Engineering and Computer Science

S

University of Michigan
Ann Arbor, Michigan 48109

Abstract

Tl'e reactive ion etching (RIE) kinetics of InP was studied using BC13/Ar and BCl3/Ar/0 2 as
etchants. High temperature etching produced negligible etch rate increases using BCI3/Ar. With

the addition of 30 % oxygen in the gas feed, etch rates of 1.5 microns/minute were obtained at

wafer temperatures of 250 TC, The effect of oxygen addition to different BCl3 flows was

* studied. At high BC13 flows, high oxygen flows were required to produce high etch rates.

Using XPS surface analysis, it was found that oxygen removes the boron species that adsorb on

d6e InP surface. Apparently, the oxygen addition helps scavenge the boron by forming volatile

boron oxides. At high oxygen flows greater than 50 %, solid boron oxide formed on the InP

surface. To study the gas-phase chemistry, optical emission spectroscopy was used on the

different gas mixtures to monitor atomic chlorine intensity. The chlorine intensity showed a

Guassian dependence with oxygen addition which was similar to the etch rate dependence.

Arrhenius plots were developed for two power densities of 0.13 and 0.21 W/cm2 . Two regimes

of etching were found from the Arrhenius plots. Below 180 TC, activation energies near 3

kcal/mol were calculated were etching is InCl3 desorption limited. At temperatures above 180

C, activation energies of approximately 9 kcal/mol were calculated where etching appears to be

chlorine flux limited. In terms of surface morphology, roughness increased as temperature

increased. This was due to increased chemical etching. At high power densities (0.21 W/crn2)

and intermediate temperatures (150 °C), high aspect ratios were obtained.
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Investigation and Optimization of InGaAs/InP
Heterointerfaces Grown by Chemical Beam Epitaxy Using
Spectroscopic Ellipsometry and Photoluminescence 0

0
M. E. SHERWIN, F. L. TERRY, Jr., G. 0. MUNI"S, J. S. HERMAN, E. G. WOELK
and G. I. HADDAD

Center (or High Frequency Microelectronics
Electrical Engineering and Computer Science Dept.
The University of Michigan, 2435 EECS Building, Ann Arbor, MI 48109-2122

Spectroscopic ellipsometry (SE) has been used to investigate transition layers for In- 0
GaAs/InP heterointerfaces. For the case of InGaAs on InP, we have found that the
samples can be best modeled by a strained InGat-,As film with the possible presence
of a thin interface region (<15A). We are unable to conclusively determine the existence
of such a thin transition region. For InP on InGaAs, we find clear indications of As
contamination in the bulk film, and that the addition of a thin interface region of 0
1n0.75 Ga*O. 5Aso.sPo5 improves both the numerical fit and shape of the dielectric response
curves, especially around EI and E, + A,, where the effects of a transition region are
most pronounced. However, difficulties in modeling the dielectric response of the con-
taminated InP film make identification of an interface transition region only specula-
tive at this point. Multiple single quantum well structures have also been grown and 0
analyzed with 7K photoluminescence. The quality of the quantum wells shows strong
dependence on the gas switching sequence used at the heterointerfaces. The best switch-
ing sequence produced a 0.5 nm well with a 7K FWHM of only 12.3 meV. Multiple
quantum wells have also been grown to investigate the uniformity and repeatability of.
our system. Twenty period MQWs with a well width of 1.6 um display a 14K FWHM
of 7.9 meV. 0

Key words. Spectroscopic ellipsometry, chemical beam epitaxy, InGaAs, InP, Inter-
faces
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The Low Temperature Catalyzed Chemical Vapor Depo

and Characterization of Silicon Nitride Thin Films

Jeffrey L Dupuie, Erdogan Gulari, and Fred Terry

The University of Michigan, Ann Arbor, Michigan 48109

ABSTRACT

40 Silicon nitride thin films have been grown via low pressure chemical vapor deposition at substrate temperz
ing from 662 to 904 K by the catalytic action of a heated tungsten filament A tungsten filament heated to 2020
to decompose ammonia, which reacted with silane introduced downstream of the filament to form silicon nitr
deposition rates between 50 and 250 rnmmin. The resultant films were characterized by Fourier-transform int
troscopy, x-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and spectroscopic eJ:
(SE). Infrared spectroscopy indicated that, under appropriate deposition conditions, the amount of bonded h-
the films could be reduced to less than 3%. XPS sputter depth profiles showed that the level of oxygen m th.
creased as the silane flow rate was increased. Oxygen free silicon nitride films were obtained at high silane flow:-
and SE were used to profile the films and to establish the thickness and composition of the bulk, surface, and
layers. SEM confirmed the specular nature of the deposited silicon nitride films.
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Hydrogen Sulfide Plasma Passivation of
Gallium Arsenide

J. S. Herman, F. L. Terry, Jr.
Center for High Frequency Microelectronics

Electrical Engineering and Computer Science Dept.
University of Michigan 0

AAnn Arbor. MI, 48109-2122

Abstract t

Improvcinent in the electrical plropcrties of the GaAs surface has been

accoml)lishcd using a room LeiipiraL.tirc hydrogen sulfide plasma. The sur- 0

face has then been protected by a: 300° C plasma enhanced cliemical vapor

deposition (PECVB) Si0 2 filn. This treatment is highly reproducible due to
0

computLer control of proccss para:licl,'s and long-lasting due to the SiO 2 cap.

Improved C-V characteristics were uobsrved, showing interface trap densities

in the high 10l cm-2 eV-\ range. Photoluminescence (PL) measurements on

the sulfided samples showed increased intensity over the untreated samples.
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Hydrogen Sulfide Plasma Passivation of
Indium Phosphide

J. S. Herman, F. L. Terry, Jr.
Center for High Frequency Microelectronics

Electrical Engineering and Computer Science Dept.
Uirversity of Mlichigan

-Aton Arbor, ,.Mii, 48109-2122

Abstract

The electrical properties of the SiO 2-InP interface are improved using in-

situ H2S plasma pretreatments as a reliable method of sulfidizing the hip

surface prior to film deposition. High frequency (1 MHz) and quasi-static C-

V measurements on metal-insulator-semiconductor structures show reduced

interface trap densities. X-ray photoemission spectroscopy analysis indicates

that prior to film deposition, sulfur is bonded to phosphorus at the surface,

but after film deposition very little sulfur remains. Spectroscopic ellipsometry

measurements confirm that the interface does remain modified even after film

deposition, and photoluminescence data shows increased signal intensity for

thin Si0 2 film on tuP with H2S pretreaments as compared to untreated

samples.
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PLASMA PASSIVATION OF GALLIUM ARSENIDE

J. S. Herman, F. L. Terry Jr.

University of Michigan, Ann Arbor, N[I, 48109-2122 0

A comparison is presented of various in-siiu hydrogen based plasma surface treatments in conjunction with a
PECVD SiO2. film to examine the improvements that can be obtained in the SiO.-Ga.As interface. Hydrogen was
used alone in a H2 plasma, combined with nitrogen in either an NH 3 or sequential H2 /N 2 plasmas, or combined with
sulfur in a H2S plasma. Hydrogen removes the native oxides, then nitrogen or sulfur form passivating surface layers
on the exposed GaAs surface. The H2S plasma was operated at room temperature, while the other treatments were
all performed at the SiO2 deposition temperature (3000 C).

Samples were characterized using metal-insulator-semiconductor C-V analysis, spectroscopic elipsometry, and
X-ray photoemission spectroscopy (XPS) for both surface scans and depth profiling. The H2 /N 2 and H2 S treated
samples display improved C-V characteristics, exhibiting interface trap densities in the mid 101 cm-2 eV-' range.
However, tight control is required for the H2 plasma in the H2 /N 2 sequence, since over-etching roughens the
surface. XPS indicates the presence of nitrogen (from H2/N 2) or sulfur (from H2 S) on the surfaces of the uncapped
samples, although depth profiles show little evidence of these elements at the interface after SiO2 deposition. H2S
plasmas offer the most robust passivation method, providing a self-terminating proce that prevents GaAs surface
roughening by hydrogen plasma etching.

After high temperature processing, i.e., lf'A at 10006 C, GaAs samples treated with H2S plasmas were found
to be significantly doped n-type, presumably from sulfur diffusion. This was verified with electrochemical profil-
ing. Excess sulfur doping has thus far prevented the development of a self-aligned MISFET technology using this
technique. No such doping problems were observed after lower temperature processing, such as the 400" C ohmic
contact anneal.
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Differential Gain in InP-Based Strained Layer Multiple

Quantum Well Lasers

D. Nichols and P. Bhattacharva

Solid State Electronics Laboratorv.

Department of Electrical Engineering and Computer Science,

University of Michigan, Ann Arbor. MI -18109-2122

Abstract

Compressive biaxial strain has been predicted to enhance dip siall-sigal IIIclulation

bandwidth of quantum well lasers, owing to increased differential gail in thaese devices.

However, the effect of tensile strain on these devices is less clear. \'\r hlave iuv.stigawed the

effects of both compressive and tensile strain on the differential gain for multiple quantum

well lasers with In1 Ga_..As quantum wells for 0.3:3 < x < 0.73. We observe markedly
SI

increased differential gain for both compressive and tensile strain, indicating that large mod-

ulation bandwidths can be obtained in both cases.
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Observation of IMultiple Resonance Frequencies in
Stripe Geometry InGaAsP Quantum Well Lasers

Yeeloy Lam, Enrico Espinosa, Doyle Nichols, Larry Davis and Pallab Bhattacharya

Solid State Electronics Laboratory,

Department of Electrical Engineering and Computer Science,

The University of Michigan, Ann Arbor, Michigan 48109-2122

ABSTRACT

Intensity fluctuation noise in strained InGaAsP multi-quantum well lasers are analyzed in

both ridge guided and broad-area gain-guided structures. A single resonance peak is observed

in the noise spectrum for the ridge guided laser, as expected. However, the noise spectrum

for the broad-area lasers shows multiple (-2-5) resonance peaks, distinctly spaced, from

-- 2 to -5 GHz. Combining with near-field measurements, the experiments show that these

peaks originate from lasing filaments having significantly nonuniform optical power. We

also determined the resonance frequency of the single-mode laser from both small signal

modulation and turn-on relaxation oscillation measurements, and found the results to be

consistent with the measured peak noise frequency.
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InP-Based Strained Quantum Well Lasers

D. Nichols and P. Bhattacharya

NO ABSTRACT AVAILABLE

A-77



Modulation Characteristics of InP-Based MIQW Lasers: -he
Impact of Biaxial Compressive and Tensile Strain

D. Nichols. L. Davis, Y. Lai, E. Espinosa, J. Singh and P. Bhattacharva

Soiid State Electronics Laboratory, Department of Electrical Engineering and Computer
Science. The University of Michigan, Ann Arbor, NII 48109-2122

Tel. (313) 763-6132, FAX (313) 747-1781

The application of biaxial strain to direct bandgap semiconductors has a profound impact
on the bandstructure and, consequently, on the optoelectronic properties of these materials.
These bandstructure changes result in significant changes in the operating characteristics of
multiple quantum well lasers. These changes essentially result from bandstructure changes
in the valence band due to the application of biaxial strain. The effective masses of the 0
holes change appreciably as do the positions of the light and heavy hole bands in energy.
By examining the output polarization, for instance, it is seen that lasing occurs in the
heavy hole band for lattice-matched and compressively strained devices and in the light hole
band for tensilely strained devices. In this paper, we relate observed modulation charac-
teristics of strained In:Gal-_,As/InP (0.33 _< z < 0.73) MQW-SCH lasers to properties of 0
the bandstructures of biaxially strained In.Gai_,As quantum wells. This work represents a
systematic report of these characteristics purely as a function of strain.

The differential gain is an important factor in determining the intrinsic small signal modu-
lation bandwidth of a semiconductor laser. Strain has an important effect on the differential
gain and, thus, the modulation bandwidths of these devices. By examining output spectra of 0
the lasers at various levels of drive current below threshold, the gain spectra were calculated
and information on the differential gain extracted. The differential gain was found to in-
crease significantly for both compressive and tensile strain with respect to its lattice-matched
value. A value of 4.1.10- 1 6 cM2 was measured for lattice-matched devices while values of
T.7.10-- 6 cm 2 and 9.1.10- 1ecru2 for In concentrations of 0.33 and 0.73, respectively. This •
indicates that strained devices will have larger 3-dB bandwidths than their lattice-matched
counterparts. We have made measurements of the microwave responses of both strained and
lattice-matched devices and found that the bandwidths of of the lattice-matched devices are
3 GHz and 5 GHz for devices with 63 % In in the quantum wells. The intrinsic bandwidths
of InP-based devices are somewhat lower than GaAs-based devices, due to differences in 0
intrinsic material properties.

The spontaneous emission lifetime and relaxation oscillation frequency are important for
understandi-ig the upper limits in large signal and large signal modulation speed as well
as the impact of Auger recombination rates on the carrier dynamics of these devices. It
is possible to make an evaluation of the Auger coefficient by considering the alteration of 0
the carrier lifetime with strain and cavity length. By measuring the turn-on delay time
at various levels of drive current we have measured a spontaneous lifetime of 0.78 ns for
compressively strained ridge waveguide devices. We have calculated Auger coefficients of 4.4
.•0 4-2 8 cn-S/s for lattice-matched devices and 26 .10- 28cn-/s for devices with 73 % In in
the wells. We will compare these values with those arrived at experimentally. Devices with
other In compositions have been fabricated and their turn-on delays are in the process of
being measured. These results will be discussed..
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Carrier Dynamics and Mtodulation Characteristics of InP-Based
Strained Quantum Well Lasers

D. Nichols, L. Dav'is, Y. Lam, G. Munns, J. Loehr, J. Singh and P. Bhattacharya
Solid State Electronics Laboratory, Department of Electrical Engineering and Computer

Science, The University of Michigan, Ann Arbor, MI 48109-2122
Tel. (313) 763-6132, FAX (313) 747-1781

The application of biaxial strain to direct bandgap semiconductors has a profound impact

on the bandstructure and, consequently, on the optoelectronic properties of these materials.

Compressively strained quantum well lasers generally have improved performance charac-

teristics over unstrained lasers. The improvements essentially result from the bandstructure

changes in the valence band due to compressive strain. The InP-based system is uniquely

well suited to a study of the effects of biaxial tensile as well as compressive strain upon device

0 performance. In multiple quantum well separate confinement heterostructure (MQW-SCH)

lasers, strain allows the output wavelength to be independent of the well width. In this

paper, the results of our theoretical and experimental studies of the caxrier dynamics and

0 modulation properties of strained In.Ga_.=As/InP (0.33 _< z < 0.73) MQW-SCH lasers

grown by CBE are reported. It is important to mention that only the In concentration in

the wells is varied in the various structures in order to isolate the effect of strain.

In order to calculate the device parameters of the strained quantum well laser accurately,

we have developed a model that utilizes the 4 x 4 k-p Hamiltonian, in which we include

the effects of strain via the deformation potential theory, in order to calculate the laser gain

spectra and the operating characteristics directly from the bandstructure. Using the calcu-

lated gain spectra and the multimode rate equations, a small-signal analysis was performed

and the relaxation oscillation frequency, f,., the threshold gain, the differential gain and 3-dB

bandwidth were calculated as a function of strain. Having theoretically calculated the radia-
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'ive carrier lifetime, one can extract the lifetime due to Auger recombination by examninzin

the turn-on delay time, which is related to the total carrier lifetime. For our experiments,

MQW-SCH laser structures utilizing four 50A In-Ga_=As quantum wells sandwiched be-

tween 100i InGaAsP barriers on semi-insulating InP have been grown by chemical beam

epitaxy (CBE). These structures have been fabricated into ridge lasers. Measurements were

made on these structures to determine the relaxation oscillation frequency, fr, and the 3-dB

bandwidth.

The measured threshold currents of the ridge lasers were 40 mA for the lattice matched

devices and 20 mA for the devices with 63 % In in the wells. The calculated Auger rates are

shown in Fig. 1. It is estimated that the turn-on will decrease by a factor of two using the

Auger rates. From the measured relaxation oscillations (Fig. 2), f,. for x = 0.53 and 0.63 in

the wells are 1.5 and 1.7 GHz respectively, which compares favorably with theoretical values

of 2.8 GHz and 3.16 GHz. The corresponding 3-dB bandwidths were measured to be 2.8 GHz

for lattice-matched devices and 4.8 GHz for devices with 63% In in the wells (Fig. 3). These

also compare well with our theoretically calculated values of 5.0 and 5.5 GHz, respectively, •

and we will compare experimental data across a wider range of device parameters with the

theory. An electrical bandwidth of 12 GHz is obtained from a microwave measurement on the

laser diodes, suggesting that the bandwidths are intrinsic to the devices. Higher bandwidths

can be obtained with higher power and more efficient heat dissipation. These issues will be

discussed.

Work supported by the Army Research Office and the Office of Naval Research 0
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A Study of M'vodulation Characteristics, Auger Coefficients
and Filamentation related Noise Spectra in InP-based Strained

Layer Quantum Well Lasers

Larry Davis, Yeeloy Lam, Doyle Nichols, Enrico Espinosa,
Jasprit Singh and Pallab Bhattacharya

Solid State Electronics Laboratory,
Department of Electrical Engineering and Computer Science,
The University of Michigan, Ann Arbor, Michigan 48109-2122

Tel. (313) 763-6132, FAX (313) 747-1781

ABSTRACT

The InP-based system is uniquely suited for investigating the properties of quantum
well lasers with pseudomorphic active layers, allowing both tensile and compressive biaxial
strain. In quantum well lasers, the resulting modification of the bandstructure has a dramatic
impact on the most important operating characteristics, including the threshold current, the
differential gain and the bandwidth. We have conducted a systematic investigation and have
obtained the following novel results: 1) the Auger coefficients in strained quantum wells have
been obtained from large signal measurements, 2) the small signal 3-dB bandwidths have
been measured and correspond well to measured relaxation oscillation frequencies, and 3)
the filamentary nature of broad area lasers has been correlated between the intensity noise
spectra and the near-field emission patterns.

Lai e signal modulation experiments were carried out and a minimum turn-on time of
]40 pS for a 250pm device at 3 .31ef was measured. We fit the experimental turn-on times
to our theory in order to extract the Auger coefficient,C., for various cavity lengths. Fur-
thermore, we use the fact that the Auger coefficient is independent of cavity length to verify
our fit. For InO.63Ga.sTAs, we arrive at a value'bf C=-7.0xlO-30 crss-1 . The relaxation
oscillation frequency of the large signal transients was determined to be 4.5 GHz.

The modulation bandwidth of single mode devices is a very important property, and
we have done a systematic study of the effect of strain on the modulation characteristics.
Enhanced differential gain has been measured for both compressive and tensile strain, and
this should lead to improved frequency performance. We have seen this demonstrated in
measured 3-dB bandwidths of 2.8 GHz for lattice-matched devices and 4.8 GHz for devices
with 10% excess Indium in the wells.

While the microwave modulation measurement itself does provide the 3-dB bandwidth
of the laser device, this does not easily serve as an effective tool in probing the intrinsic
characteristics and limits of the laser structure, due to extrinsic parasitics and heating effects.
Although we observed that the relaxation oscillation frequency from large signal transients
does provide equivalent bandwidth information, but the extrinsic parasitics similarly prevents
the accurate extraction of the intrinsic temporal response. The parasitic effects can be
circumvented through intensity noise measurement. We measured a resonanci frequency
of 3.9 GHz from the noise spectra for a single mode laser. In broad area lasers, we have
observed multiple (-2-5)" resonance peaks, distinctly spaced, from -2 to -'5 GHz, in the
noise spectrum. Combined with near field measurements, the experiments show that these
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Role of Strained Layers in Improving the Structural Reliabilit-y of
Quantum Well Lasers

jasprit Singh and Pallab Bhattacharya
Solid-State Electronics Laboratory

Department of Electrical Engineering and Computer Science
The University of Michigan, Ann Arbor, MI 48109-2122, USA 0

Abstract •

Recently, strained layer quantum well lasers have attracted attention
for their low threshold performance. The effect of strain on the laser lifetime
also appears to be very beneficial as found by a few experimental groups. In
this paper we study the role of strain in defect generation and propagation in
heterostructures. The theory is based on calculations of total energy of a
strained system and the effects of defect propagation on this energy. We find
that the presence of strain forces any defect trying to propagate into the active
device region to follow a path along the unstrained cladding region. This is 0
due to high energy cost of introducing defects into the strained region from
the outside. The barrier to this defect introduction increases strongly with
strain as long as the system is below critical thickness.

On the other hand the barrier for spontaneous dislocation generation is 0
seen to be much lower in the strained system compared to the lattice matched
system. Thus if the laser failure system is due to defects propagating into the
active (quantum well) region, the strain is expected to greatly improve the
laser lifetime. However, if the failure mechanism involves generation of
dislocation loops in the active region, the strain would reduce the lifetime. 0
The effects of strain values and strained layer thicknesses on these issues will
be discussed.

A-81



Auger Recombination and Impact Ionization Rates in
Pseudomorphic InGaAlAs/GaAs and InGaAs/InP

L. Davis, Y.C. Chen, D. Nichols, Y. Lam, J. Singh, and P.K. Bhattacharya
Solid State Electronics Laboratory,

Department of Electrical Engineering and Computer Science,
The University of Michigan, Ann Arbor, Michigan 48109-2122, USA

Tel. (313) 763-6132, FAX (313) 747-1781

ABSTRACT

Auger recombination and its inverse process, impact ionization, are important physical
processes in semiconductors. The former strongly affect the performance of long wave-
length quantum well lasers while the latter determines the performance of devices such as
avalanche photodiodes (APDs), impact ionization avalanche transit time diodes(IMPATTs)
and the voltage breakdown of field-effect transistors (FETs). Auger rates and impact ion-
ization coefficients have been measured for bulk materials. No such measurement has been
made for pseudomorphically strained semiconductors. Biaxial strain is known to change
the bandgap, carrier effective masses and valence bandstructures. Consequently, we expect
significant changes in the impact ionization and Auger rates in strained material. We have
conducted an in-depth theoretical and experimental study of impact ionization in GaAs-
based heterostructures and Auger and impact ionization rates in InP-based heterostructures
for both tensile and compressive strain.

We have used a large signal analysis of strained InGaAs/InP multiquantum well separate
confinement heterostructure (MQW-SCH) lasers in order to extract the Auger rates. The
measurement was carried out over a number of cavity lengths, with the minimum measured
turn-on time being 140 ps for a 2501im device at 3.811h. We fit the measured delay times
to our theory in order to extract the Auger coefficient,C., in the strained quantum wells for
various cavity lengths. We use the fact that the Auger coefficient is independent of cavity
length to verify our fit. For example, in ln0o.Ga.3-As, we arrive at a value of C.=7.0xl0-
cm6s- 1 . We will present the data over the full range of compressively and tensilely strained
(0.33 < x < 0.73) In=Gal_,As wells.

A 4 x 4 k. p is used to study the effect of strain on the valence bandstructure for impact
ionization. It is seen that the significant decrease in the hole masses causes an increase in the
threshold energy for the electron impact ionization. This effect is especially important for
systems where the strain is introduced without decreasing the bandgap of the material. In this
case the threshold energies are found to increase by up to 20% as compared to the unstrained
material with the same bandgap. We have measured impact ionization coefficients, a and
,3, in 150 Apseudomorphically strained materials for the first time. The measurements were
made on specially designed lateral p-i-n diodes. az and ft in Ino.isGao.se3 Alo.22As/GaAs are
found to be lower than those in In0.2Gao.8As/GaAs and higher than those in GaAs. P is
larger than a in all the samples. The results are discussed in terms of the changes in the
bandstructure due to biaxial strain. The trend of these results is in excellent agreement
with the theory. We have also conducted an investigation of the impact ionization rates in
InP-based strained heterostructures.

The results for the Auger recombination and the impact ionization rates will be presented
together with any correllation between the strain and the two processes.

Work supported by the Office of Naval Research and the Army Research Office

Key words: Auger recombination, impact ionization, pseudomorphic, heterostructures, quan-
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THERMOELECTRIC AND
THERMO-COULOMB EFFECTS IN

TUNNEL JUNCTIONS 0

M. Am-mani E. Ben - Jacob2  J. L. Cohn3

January 20, 1992

Abstract 0

We present a study of the thermoelectric effects ir. ,.innel junctions.
In particular we calculate the thermoelectric r .-...r coefficient 5 and
the Peltier coefficientil. For macro'rovic junctions we demonstrate
the sensitivity of S and i1 to tLe s," ,icture of the density of states.
For mesoscopic junctions we :; o-- th:r Coulomb effects modify the
ordinary Onsager pi" ture and the relation I" = TS. The coefficients S
and II are found to be ve-" _- :five to the coupling of the junctions
to the external "d. We -it on the relevance of these -effects
to scamnning tun4 •1inp, microsr,,' e measurements.

'Department of Physics, University of Michigan, Ann Arbor, MI 48109, USA
2School of Physics and Astronomy, Raymond and Beverly Sadkler Faculty of Exact

Sciences, Tel-Aviv University, 69978 Tel-Aviv, Israel
3 Naval Research Laboratories, Washington, DC 20375, USA 0
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Delay MIacromodels for Point-to-Point MCM Interconnections

Ayman I. Kayssi and Karem A. Sakallah

* Advanced Computer Architecture Lab
Department of Electrical Engineering and Computer Science

University of Michigan
Ann Arbor, MI 48109-2122

1 Introduction

Timing analysis is an essential step in the design of
high-performance, MCM-based computer systems. Ac-
curate delay models are needed for MCM interconnect
to alleviate the need to do circuit or transmission line
simulations. In this paper we use dimensional analysis
to develop a macromodel for point-to-point MCM inter-
connect delay, which applies to lossless and lossy lines,
and show the macromodel to be accurate to within 5%
of HSPICE, at five orders of magnitude speedup in com-
putation time.
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Synthesis and Verification of a
GaAs Microprocessor from a Verilog Hardware Description

R. Brown, A. Cnandna. T. Hoy, T. Huff. K. Olukotun
R. Lomax, T. Mudge, D. Nagle, CS, Stanford University

K. Sakallah. R. Uhlig, and M. Upton Stanford, California

Advanced Computer Architecture Laboratory
Solid State Electronics Laboratory D. Johnson

The University of Michigan Cascade Design Automation Corporation
Ann Arbor, Michigan Bellevue, Washington

Abstract

The University of Michigan Gallium Arsenide MIPS
Project is using Verilog in the design of a 250 MlIz MIPS architec-
ture microprocessor. The design system is based on a single Verilog
model which is used for simulation, synthesis, and hardware verifi-
cation. The model is composed of a mixture of Register Transfer
Level (RTL) and behavioral descriptions. Datapaths are represented
by RTL structural components, while the control logic has behav-
ioral descriptions.

To simplify verification and test development, a number
of operating system functions have been implemented using the
Verilog PLI (Programming Language Interface). These functions
allow the model to load and execute programs compiled for the
DECstation 5000. To ensure the model's functional correctness, a
verification tool compares simulation results against the execution
of an physical MIPS processor. Any inconsistencies are flagged as
errors. Once the model is deemed functionally correct, it is synthe-
sized into a logic level implementation. Datapath logic, described at
the register transfer level, is directly mapped into a netlist for auto-
matic placement and muting. The control logic is translated to the
Finesse logic synthesis language. The Finesse compiler then synthe-
sizes each control block into a netlist which is passed to the physical
design tools from Cascade Design Automation (CDA) for final lay-
out.

The combination of front-end verification and back-end
synthesis results in a very short design time. Our first chip, Aurora L
was completed by a team of 5 graduate students in about 5 months,
including tool development and library cell layout. 0

A-85



NIMPACT OF MIC•[s ON SYSTEM PERFOR.MANCE OPTLMIZATION'

A. 1. Kayssi, K. A. Sakallah, R. B. Brown, R. J. Lomax, T. N. Mudge, and T. R. Huff
Department of Electrical Engineering and Computer Science

University of Michigan
Ann Arbor, MI 48109-2122

I

Abstract We present a performance model for the
University of Michigan MCM-based GaAs microcom-
puter. The model takes into account architectural as
well as MCM packaging considerations such as the chip-
to-substrate bonding method, the dielectric constant of
the insulator, and the resistivity of the metal conductor.
We illustrate the use of the model by finding the I-cache
size which maximizes the MIPS rating for given MCM
technology parameters.
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Peffom ance OpzIrni~za-on of Pipehned Caches "

KLu..i.e Olukotun
Comruter Systems Laboraxov,
Stanford University, CA 94305 0

email: kunle,-mojave.stanford.edu
tel: 415-725-3713

Trevor Mudge
Dept. Electrical Engineering and Computer Science

University of MNichigan, Ann Arbor, MI 48109 0
email: tnm@eecs.umich.edu

tel: 313-764-0203

ichiard Brown
Dept. Electrical Engineering and Computer Science •

University of Michigan, Ann Arbor, mi 48109

Abstract •

In new high-end processors, the critical path is through cache rather than through the
ALU. This paper explores pipelining of primary cache to optimize performance of a GaAs
implementation of the Mips architecture. Long traces of multiprogrammed applications
are used to evaluate instruction and data caches having various pipeline depths, cache
sizes, block sizes, and refill penalties. Several representative strategies are considered for 0
hiding the branch and load delays which result from pipelining cache access. We show that
software-based methods for mitigating the penalty of branch delays can be as successful
as the hardware-based brunch target buffer approach, despite the code-expansion inherent
in the software methods. The situation is similar for load delays; while hardware-based
dynamic methods hide more delay slots than do static approaches, they may give up the
advantage by extending the basic machine cycle. Because these methods are quite successful 0
at hiding branch and load delays, and because pipelined caches allow faster CPU dock times
and larger caches, a significant performance advantage is seen in pipelining cache acce.

"This work was supported by Def•mse Advanced Research Projects Agency under DARPA/ARO Contract
No. DAAL03-90-C-0028
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Since tle ;nrrcuct:cn of GaAs c;rcuits, high-perfcrmrance cigizzi systems have Zeer ... s.cerec
a major a::iica-t;on area for ccmcounc semiconcuctor tecnnoicgy. Eariy overc::imis-Zc rcz::ns "
cigital GaAs oerformrance acvan:age over silicon, fctlcwec by t-he faricnation cnallenges of ,Mis m-,ture
tec-noicgy, caused a negative reaction among sysiem cesigners wnicn hincered accesoance of GaAs.
Cniy recently has the promise for hign-speed VLSI in GaAs begun to oe fulfillec.

For example, we have prototypec a simplified version of a MIPS RISC (reduced ins'ructcn set
computer) microorocessor, whicn is implemented with 60,500 transistors in the Vitesse 0.8-Aim HLGaAs 1I
process [1]. (See Fig. 1.) This chip, called Aurora, was packaged in a 34,A-pin package wnicn recuirec a
frame size of 12.175 x 7.941 mm. Aurora inc!udes a control section, a 3-port register file and a 5-stage
piceline with these functions: instruction fetcri, operand read, ALU execution, memory loadsmcre, anc
write back to the register file. It can execute 10 3-operand ALU operations, 8 immediate instructons, and
8 branch and jump instructions. Though this first prototype was not octimized for speed, it still oaerates
at 137 MHz. While this soeed is far from what is possibJe in the tecnnology, it does compare favorably
with the CMOS R3000 and ECL R6000 versions of the MIPS architecture, wnich operate at 40 anid 62.5
MHz, respectively. A second version of the CPU has been implemented in the 0.6-ym HGaAs III process.
It includes more functionality and is optimized for speed.

The digital market for GaAs was initially smaller and slower to develop than the microwave and
analog areas, but it is now as large, and growing faster, at a compound annual rate of over 45% per year (2].
Digital GaAs circuits are being delivered in sucercomputers, signal processors, and telecommunications
systems. Future digital growth will come in high-end engineering workstations and in the replacement of
high-speed analog circuits. Because of the potential size of the digital market, it is important for compound
semiconductor device researchers to understand the process requirements of VLSI circuits.

The attention given to transistor switching time can obscure other equally important ctaracrerstcs
of a process. Unless certain minimum requirements are met in these other parameters, a process is still
not viable for digital systems. The first issue to be considered is integration level. The 'package delay'
associated with getting signals through an output buffer, off-chip interconnect, and an input buffer can
account for a large percentage of the dock cycle time in high-performance systems, even when the most
advanced multichip-module packaging is used. This means that a slower technology which has high
enough integration levels to keep the critical path on one chip can outperform a faster technology which
includes chip-crossings in the critical path. Pipelining and judicious partitioning can partially ameliorate the
problem, but still, many applicatdons will require 100,000 to 1,000,000 devices on a chip.

Integration level is, in turn, dependent on yield, power dissipation, active device area, logic style
efficiency, and interconnect density. Yield is a function of material defect density, process complexity, and
other factors inherent in each technology, which influence the level of transistor parameter control that can
be maintained. Most potential applications for digital GaAs require air cooling. Power dissipation, therefore,
becomes the integration limiting parameter for many high-speed processes. On-chip interconnect presents
a number of the most important issues for VLSI. In large circuits, the layout density is usually controlled by
metallization parameters. Some technologies are more sensitive to the parasitic loading of interconnect
than others. Furthermore, wire-delays remain about constant whether the propagation delays of the
gates driving them are fast or slow;, in high-speed technologies, circuit delays are often dominated by
interconnect

Other system-level issues, such as noise margins and sensitivity to variations in power supply and
temperature, must also be considered. And finally, in VLSI design, the practicality of a given technology
is also dependent on the design tools available for it. In addition to proper management of the complexity
of large designs, such tools should efficiently place and route modules, minimizng interconnect length on
critical paths, they should optimally size buffers for their loads, and they should support accurate simulation
of the circuits and interconnect Use of such design automation tools can improve performance of a arcuit
in a given technology by a significant margin.

In summary, device development for digital applications should be guided by all of these consid-
erations in addition to switching speed. It is the performance of compound semiconductors in systems,
not ring-oscillator speeds, that will dictate their future in digital applications.

!I R. EL Brown. et aL. *GaAs RISC Procosson,. to be presented at 1992 I GaAs IC Symposium, Miami Bach R. USA.
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Intense competition in the engineenng workstation comcuter market has resulted in a per~or-
rnanceionce increase of 3 orcers of magnituce in the past decade. The performance of these sysmems
is largely demendent on the speed and interconnec:ions of a few integrated carcuits, wnicn, in the most 0
successful implementations, include reduced instruction-set computer (RISC) processors. "Tne merits of
various technologies for implementing these chip sets will continue to be demated. One GaAs logic fam-
ily wnich has achieved the integration levels needed to make it a practical cnoice for RISC chio-sets is
DCFL (direct-couoled FET logic) [1]. The workstation application demands not only ever-increasing sys-
tem throughout, but also air cooling. At hign clock frequencies, DCFL is more power efficient tihan CMOS.
However, DC-FL logic gate structures are very restrictive compared to CMOS; ratioing, limited fan-in and 0
fan-out, lack of dynamic circuits and complex gates, and only limited use of pass gates and stacked
transistors make the circuits less efficient

To explore the potential of very large scale integration in GaAs, our group has designed and
tested a prototype MIPS-architecture microprocessor, named Aurora. This is the first of three CPU cnip
designs which we will implement The third of these prototypes will be packaged on an MCM with cache, a
floating point accelerator (FPA), and a memory management unit (MMU), and will run a conventional tmrct
environment. In this project, we are addressing three topics which are required to achieve the optimum
performance in a GaAs RISC processor:

- The architecture must be adjusted to fit the technology,
* Aopropriate packaging must be used, and
e The design methodology must minimize parasitic loading. •

We have made many changes to the MIPS architecture to better fit the implementation technology [2].
Our work includes MCM design and modeling [3]. And our chips are being designed with a GaAs circuit
compiler which generates layout comparable to full-custom [4].

The first of our CPU prototypes was designed to exercise the CAD tools during their development
It executes 28 of the instructions from the MIPS instruction set. The chip is restricted to full-word load and
store instructions. It has a fully functional ALU, a 3-port register file and set-on-4ess-than logic, allowing
execution of 10 3-operand ALU oparations, 8 immediate instructions, and 8 of the branch and jump
instructions. Compared to a MIPS R3000, the functions not implemented in this first CPU include shifting,
traps, stalls, system calls, integer multiply/divide and cache control.

Aurora was designed by five graduate students in just five months (including much work on the
CAD tools). It was not optimized for speed; no buffer sizing or minimization of critical path length was
done. The chip, which is implemented in the Vitesse 0.8-pim HGaAs II process, includes 60,500 transistors 0
and dissipates 11 watts. (See Fig. 1.) It was packaged in a 344-pin package which required a frame size
of 12.175 x 7.941 mm. Aurora has one human design error which disables some output pins; fortunately,
the scan chain allows complete testing despite the error. The chip is otherwise fully functional. The fastest
chip tested operates at 137 MHz. While this speed is far from what is possible with DCFL, it does compare
favorably with the CMOS R3000 and ECL R6000 versions of the MIPS architecture, which operate at 33
and 62.5 MHz. respectively. S

The RISC processor chip set being developed in this project is helping to identify the challenges
and opportunities of VLSI GaAs. DCFL has achieved the integration levels and yields needed to implement
this type of design. When the microarchitecture is adjusted to fit the technology, aopropriate packaging
is used, and an efficient design methodology is employed, DCFL is a serious contender for large, high-
performance digital designs.

11l Founw Dem.p Mammui - V-erw. 5.0. Vim" Sernicnor Corporuuon, Camrari. CA. 1991.
(21 T. N. MuWe. R. B. Bown. W. P. Birmingham. J. A. Dylwun. A. L Kaysti. R. J. Lomax. 0. A. Ohlkokn K. A. Sakallah. and
R. Milano. 'The Dwi of a hEa*,Suow¢caoxmr." I= Com r Mapm. VoL 24, No. 1, Janumary 1991. pp. 57-64.

(31 Ayman I. Kayvsi and Karem A. Sakaah,. -Doa Meamnodsls for Point-vcý-Pomt MCM Inwcinnecrons., Pnocaeag at Uw 1992

MCM Conuarfm. Mawh 19M ;Z . 79-4 A-89
(Al M. ULion. T. Hay. T. Huff. R. Brown, R. 0tia and M. Rouma-. 9-Module Genwuain for a GaAs Miarmsoroon, 7"tc•imiDigea 0S.... .... •= Mv :'--- !9 1. D. 88-9,.



AN ON-CHEP ECC CIRCUIT FOR CORRECTING
SOFT ERRORS IN DRAM'S WITH TRENCH CAPACITORS

P. Mazumder
Dept. of Elecical Engineering and Computer Science

University of Michigan Ann Arbor. MI 48109

ABSTRACT

This paper proposes a modified error-correcting code which can conect up to two soft erros on each row (word-
line) in a dynamic random-access memory (DRAM) chip. Double-bit soft errors frequently occur in DRAM cells
with trench capacitors, when charged alpha particles impinge on the intervening space between two vertical capa-
citors causing plasma shorts between them. The conventional on-chip error-.co ng codes (ECCs) cannot corrct
such double-bit/word-line soft errors, which significantly increase the uncrectable error rate (UER). The paper
presents an ECC circui that employs an augmented rectangular product code to de•tct and crzi-ct double-bit soft
errors. The proposed circuit automatically carrects the addressed bit if it is faulty, and then quickly locates the
other faulty bit. A comprehensive study is made to estimate -vements in soft exrro rate (SER) and mean time
to failures (MTTF). The ability of the ciu to correct soft errors in the presence of multiple-bk enrro has also
been analyzed by combinatorial enumeration-
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WOLVERINES: STAk-NDARD CELL PLACEMIENT O,- A
NETWORK OF WORKSTATIONS

S. Mohan and P. Mazumder
Department of Electrical Engineering and Computer Science

The University of Michigan
Ann Arbor, MI 48109

Abstract
The typical computer-aided design environment to-

day consists of a number of workstations connected to-
gether by a high-speed local area network. While many
CAD systems make use of the network to shave files S
or design databases, few, if any, CAD programs make
use of this distributed computing resource to parallelize
and speed up their work. This paper presents a place-
ment program that makes use of this distributed com-
puting environment to achieve linear speedup without
sacrificing the quality of the results obtained by the
serial version of the program. The placement program
is based on the genetic algorithm which is a heuristic
search method inspired by biological evolution models.
The parallel implementation has other desirable fea-
tures such as the ability to operate in a heterogeneous
network environment and dynamic and static load bal-
ancing. This paper describes the implementation of
the placement program and detailed experimental stud-
ies of the behavior of the algorithm.
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NEURAL COMPUTING FOR BUILT-IN SELF-REPAIR
OF EMBEDDED MEMORY ARRAYS

P. Mazumder and J. S. Yih

Department of Electrical Engineering and Computer Science
The University of Michigan.

Ann Arbor, MI 48109

Abstract

As VLSI chip size is increasing, more and more circuit components are becoming inaccessible
for external testing, diagnosis and repair: Memory devices are abundantly used in VLSI chips,
and repairing partially faulty arrays by the available spare rows and columns is a very difficult
problem. Conventionalmemory repair algorithms cannot be readily implemented within the
VLSI chip to diagnose and repair these faulty memory arrays. Intelligent hardware based on
a neural-network model provides an effective solution for such built-in seif-repair applications.
This paper clearly demonstrates how to represent the objective function of the memory repair
problem as a neural network energy function, and how to utilize the neural net's convergence
property to find optimal solutions. Two algorithms have been developed using a neural network,
and their performance is compared with the Repair Most algorithm that is commercially used.
For randomly generated defect patterns, the proposed algorithm with a hill climbing capability
has been found to be successful in repairing memory arrays in 98% cases, as opposed to Repair
Most's 20% cases. The paper also demonstrates how to implement this algorithm within the
chip for built-in self-repair.

Keywords: Reconfiguration, Self-Repair, Embedded Memory, Yield Improvement, "
Neural Networks.
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Restructuring VSI Hexagonal Processor Arrays

R. Venkateswaran, Student Member IEEE, Pinaki Mazumder,
Member IEEE,

Kang G. Shin, Fellow IEEE

Department of Electrical Engineering and Computer Science
The University of Michigan

Ann Arbor, Michigan 48109-2122 0
Phone Number: 313-763-2107

Abstract
Fault-tolerant approaches have been widely employed to improve

the yield of ULSI and WSI processor arrays. In this paper, we propose
a host-driven reconfiguration scheme, called HEX-REPAIR, for hexag-
onal processor arrays characterized by a large number of relatively
simple cells. Such arrays have been shown to be the most efficient for
many digital signal processing applications such as matrix muftiplica-
tion and for some classes of filtering operations. Reconfiguration for
these arrays is made difficult by the asymmetric nature of the inter-
connection network and the need for keeping the switching overheads
at a minimum. The algorithm presented in this paper meets these re-
quirements. In addition, it has excellent fault-coverage characteristics
even in the presence of multiple faults and , = accommodate multiple
rows/columns of spare cells. The restructured array is transparent to
the users and no modification is required in any application program
using the array.

Keywords: Cover Table, H (V) Lines, Hexagonal Processor Ar-
rays, Horizontal Cover Graph, Reconfiguration by Table Lookup, Ver- 0
tical Cover Graph.

1This research was partly supported by the Army Research Office under the URI

program grant number DAAL 03-87-K-OOO7.
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NUMERICAL MODELING OF ABRUPT
HETEROJUNCTIONS USING A THERMIONIC-FIELD

EMISSION BOUNDARY CONDITION

Kyounghoon Yang, Jack R. East and George I. Haddad
Solid State Electronics Laboratory

Department of Electrical Engineering and Computer Science,
The University of Michigan, Ann Arbor, Michigan 48109-2122

Abstract

We present a numerical model in which the thermionic and tunneling mechanisms
across an abrupt heterojunction interface are taken into account on the basis of the one
dimensional drift-diffusion formulation. We use an expression of thermionic-field emis-
sion current formulated based on the WKB approximation as a boundary condition at
the abrupt heterointerface which eventually limits the current transport over the bar-
rier while maintaining the current continuity. The I-V characteristics of three types of
GaAs/AIGaAs heterojunctions are analyzed by varying device dimension, doping den-
sity, and temperature and compared with those obtained by the thermionic emission
model to illustrate the significance of both tunneling and thermionic emission mecha-
nisms. We demonstrate that the role of tunneling in the overall current transport is very
important in these abrupt heterojunctions especially at high doping densities and low
temperatures. In the case of an MBE-grown AIGaAs triangular heterojunction barrier,
the temperature-dependent I-V characteristics are measured and compared with the the-
oretical results. Good agreement is obtained when the tunneling process is taken into
account by employing the thermionic-field emission boundary condition presented here.
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